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ABSTRACT 
Dalby, Charles E., M.S., Fall, 1986 Geology 
Evaluation of the Potential Effects of Land Use on the Hydrology 
and Fluvial Geomorphology of the North Fork of the Flathead River 
The North Fork of the Flathead River forms the northwestern boun­
dary of Glacier National Park. Proposed coal mining and existing 
timber harvest in the North Fork's international watershed are land 
uses with potential to alter water-sediment yields and ultimately 
the morphology and bed-sediment characteristics of the main channel. 
A baseline for evaluating future channel changes was developed using 
channel geometry surveys and geomorphic mapping (1:24000). Chan­
nel classification and interpretation of historic channel changes 
show that the North Fork is an alluvial, gravel-bed river with a 
relatively stable bed and banks. A notable exception is the 16 mile 
section of channel north of Camas Creek where the channel is un­
stable and at times braided—a condition resulting from natural sed­
iment contributions from bank erosion. The downstream hydraulic geo­
metry of the channel network was estimated from hydraulic data col­
lected for 11 self-formed, stable channel reaches. Hydraulic similar­
ities between the North Fork and other gravel-bed rivers provide a 
basis for estimating effects of increased sediment loads on channel 
morphology. 
Proposed coal mining, just north of the Canadian border, would 
produce 2.4 million tons of clean coal annually for 21 years and dis­
turb 8 mi^ of land in the Cabin and Howell Creek watersheds # During 
mining, if the mine drainage-sediment detention network functions pro­
perly, the increase in downstream sediment load and potential for 
channel changes is small. However, failure of the network could in­
crease sediment supply to the North Fork, ultimately altering down­
stream channel geometry and bed-sediment characteristics. In response 
to increased bed-material supply, the channel would be come wider, 
shallower, and steeper—changes which increase the efficiency of bed-
load sediment transport. Uncertainties regarding the success of rec­
lamation and performance of the mine drainage network demonstrate the 
importance for careful monitoring of sediment yield from the mine-
site. Recommendations for a sediment monitoring program are given. 
(222 pp.) 
Director: Dr. Arnold J. Silverman 
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CHAPTER I  
INTRODUCTION 
The North Fork of the Flathead River is located in northwestern 
Montana and southeastern Bri t ish Columbia. I t  drains a relat ively 
undisturbed forested mountain watershed of the upper Columbia River 
Basin and forms the northwest boundary of Glacier National Park 
(Figure 1).  The North Fork is renowned for i ts scenic vistas, wi ld­
l i fe and recreational values. 
The North Fork watershed's diverse resource base is subject to 
many land uses. These include development of an open-pit  coal mine 
near Cabin Creek, Bri t ish Columbia, oi l  and gas explorat ion/development, 
accelerated t imber harvest in response to widespread infestat ion, and 
expanding rural subdivision and recreational development. Each of these 
act ivi t ies has the potential  to decrease the qual i ty of the North 
Fork's channel and water (DNRC, 1977 Hunter, 1977). 
Agencies responsible for managing the North Fork Flathead Water­
shed have expressed concern about the effects of developments on 
terrestr ial  and aquatic ecosystems. As a result ,  the North Fork has 
become the focus of a number of impact assessment studies which provide 
basel ine inventories of physical and chemical water qual i ty, terrestr ial  
and aquatic wi ldl i fe habitat and examinations of the relat ionship be­
tween watershed disturbances and corresponding changes in basel ine values. 
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Figure 1. The North Fork Flathead r iver basin, located in north­
western Montana and south-eastern Bri t ish Columbia 
( base map from Knapton, 1978). 
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Descript ion of Problem 
The r iver f loodplain and channels of the upper North Fork water­
shed consti tute an important part of the North Fork's ecosystem. 
The physical attr ibutes of the North Fork's al luvial channel system 
(e.g. channel geometry and pattern, bed-material  size distr ibut ion, 
pool-r i f f le spacing, f lood plain morphology and strat igraphy, etc.) 
and the erosional and deposit ional processes responsible for their 
maintenance, strongly inf luence the physical water qual i ty of the North 
Fork and the qual i ty and abundance of r iverine wi ldl i fe habitat.  For 
example, essential  habitat for grizzly bears (Ursus arctos) exists at 
lower elevation f loodplain si tes where part icular combinations of 
al luvial soi l  and water balance condit ions produce lush herbaceous and 
wetland vegetat ion communit ies preferred by the bears (Lee, 1982). A 
more direct l ink is seen between the distr ibut ion of aquatic species 
and qual i ty of habitat within the North Fork's channels, i ts bed-
sediment characterist ics, pool-r i f f le structure, physical water qual i ty 
and the distr ibut ion of energy niches within the channel (Graham et al . ,  
1980). 
The physical attr ibutes of the North Fork's al luvial channel system 
are the result  of complex interact ion between watershed scale processes, 
which inf luence the supply of water and sediment to the r iver, and 
channel-seale hydraul ic processes which govern the local ized erosion, 
transport and deposit ion of sediment. Over t ime, the processes 
responsible for the movement of water and sediment through the r iver 's 
channels tend to create a highly organized channel network, with a 
4  
relat ively stable form arid structure (f luvial geomorphology) which most 
eff ic ient ly transports the water and sediment suppl ied by the watershed 
(Dunne and Leopold, 1978). 
Land use which changes the distr ibut ion, t iming or magnitude of 
the water/sediment supply to the channel system may also el ic i t  changes 
in f luvial geomorphology as the channel network adjusts to accommodate 
the new combination of water/sediment runoff (Leopold and Maddock, 1953; 
Hammer, 1972; Gregory and Wall ing, 1973; Simons et al . ,  1979; Bennet 
and Selby, 1977). River response to altered water/sediment supply is 
typical ly manifest in altered rates of lateral channel migrat ion; changes 
in channel geometry, bed-material  size distr ibut ion, channel bed eleva­
t ion, and pool-r i f f le spacing; and a tendency for overbank f lows to 
become more or less frequent (Leopold, Wolman and Mil ler,  1964; Schumm 
and Lichty, 1963; Dunne and Leopold, 1978; Shen et al . ,  1979). 
Future development of the North Fork drainage wi l l  probably al ter 
the runoff and sediment loads of the r iver. Defining the potential  
effects of land use on water and sediment yields, and ul t imately upon 
channel processes and attr ibutes of the North Fork, is an important 
step in sound management of i ts r iver and f loodplain ecosystems. 
Scope of Investigat ion 
This research describes the North Fork's f luvial geomorphology 
and examines the interrelat ionship between water/sediment transport and 
channel form and process in i ts al luvial channel network. Specif ical ly 
this research has the fol lowing object ives: 
1. To establ ish a basel ine of channel morphology from 
which to evaluate future channel changes; 
2. To describe the f luvial geomorphology of the 
r iver system and evaluate i ts relat ive state of 
geomorphic equi l ibr ium; 
3. To est imate the downstream hydraul ic geometry 
of the North Fork and mean annual sediment y ield 
from the drainage; and 
4. To evaluate the potential  f luvial geomorphic 
changes in the North Fork which could result  
from Canadian coal development and forest pract ices 
in Canada and the U.S. 
Research Design 
Analysis of the response of r iver systems to changes in land use 
is interdiscipl inary and involves concepts and methods of geomorphology, 
hydrology and civi l  engineering. The physical processes governing 
r iver channel changes are very complex. For example, at the scale of 
the watershed more than seven independent variables inf luence the dis­
charge of water and sediment to the r iver channel (Schumm, 1977). 
Once in the channel,  more than 12 variables (related to the hydraul ics 
of f low and sediment transport) are involved in the water-sediment 
interact ions responsible for the r iver 's f luvial geomorphology (Parker 
and Anderson, 1978). 
I t  is widely accepted that over a period of years, the al luvial 
channel system, in the absence of changing cl imate, tectonism, or 
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changes in base level,  tends toward a state where the channel scale 
variables are mutual ly adjusted to provide the most eff ic ient mor­
phology for the transport of the imposed water-sediment load (Mackin, 
1948; Leopold, Wolman and Mil ler,  1964; Bul l ,  1979). A r iver in this 
state is said to be in "dynamic equi l ibr ium" or at "grade" (Mackin, 
1948). 
General ly the equi l ibr ium channel is one with a stable bed, banks, 
and is lands, which carr ies moderate sediment loads and experiences 
gradual rates of downcutt ing and lateral migrat ion. Alterat ion of this 
balance may occur natural ly (cl imatic change, wi ld f i re, etc.) and some 
r iver systems seldom attain grade or attain i t  only for select port ions 
of the channel network (Leopold, Wolman and Mil ler,  1964). Through a 
variety of watershed act ivi t ies, land use may also affect this balance 
and br ing about changes result ing in higher sediment loads, al tered 
f low regime and less stable channel geometry (Heede, 1975; 1980). 
Analysis of al luvial r iver response to land use requires the 
investigat ion of two main groups of variables. Water (Q) and sediment 
(Qs)  suppl ied by the watershed to the channel network are considered 
independent variables with respect to channel morphology; the channel 
usual ly exerts l i t t le control over them, but rather responds to changes 
in the nature of their supply. At any point in the channel system, Q 
and Qs  are determined largely by the upstream watershed scale processes 
( inf i l t rat ion, evapo-transpirat i  on, recharge, weathering, erosion) 
which in turn are strongly inf luenced by the rel ief,  cl imate, geology, 
soi ls and vegetat ion characterist ics of the watershed. This is indicated 
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conceptual ly in Figure 2, where the elements of channel form and 
process are l isted in order of increasing dependence from left  to 
r i  ght. 
The second group of variables are channel scale and include width 
depth, velocity, roughness, slope, bed material  size and pattern. 
Because these variables are largely interdependent and mutual ly adjust 
to accommodate changes in the supply of Q and Qs >  they are considered 
semi-dependent (Simons and Senturk, 1977). For example, in a coarse, 
gravel-bed r iver l ike the North Fork, an increase in the bed-material  
load (Qs)  at constant stream discharge commonly results in an increase 
in channel width, decrease in depth of f low, increase in channel slope, 
and perhaps a change in channel pattern from meandering to braided 
(Lane, 1955; Schumm, 1969; Pickup and Warner, 1976; Parker, 1978). 
Ult imately, the processes and morphology (semi-dependent variables) of 
the North Fork's channel over a given reach, are determined by the up­
stream supply of water and sediment ( independent variables). 
Signif icant alterat ions of the water/sediment supply to the North 
Fork can be expected to result  in f luvial changes as the channel adjusts 
to the new water/sediment regime. Hence, the evaluation of the down­
stream geomorphic effects of proposed watershed development requires 
investigat ion of the potential  for alter ing water/sediment supply to 
the channel and the probable response of the r iver to the disturbance. 
The fol lowing approach was used: 
C l l m o f ©  a n d  /  \  
G e o l o g i c  F o r c e s  /  1  
/ * ^ 
x 
\ 
Lond U»o 
i imlu»r  r iorvosl  lossi l  
(ut ' l  rk-velopment  
rurol  subdiv is ion 
r ecreal ion 
o, 
Figure 2. Important variables involved in 
the relat ion between channel form 
and process. 
CHANNEL FORM AND PROCESS 
W a t e r /  
S o d l m o n t  
S u p p l y  
e>P° 
Morphc Channel ology 
r  C H A N N E L  P R O C E S S E S  
s e d i m e n t  t r a n s p o r t ,  C O  
d e p o s i t i o n ,  a n d  s t o r a g e  
b a n k  e r o s i o n ,  l a ' e r u l  
m i g r o t i o n ,  a g g r o d a t i o n ,  
d o w n c u t t i n g  
1. A geomorphic framework was developed which describes 
the contemporary and recent historic channel processes 
and changes. This provides an understanding of the 
exist ing geomorphic condit ion of the channel,  a basis 
for assessing the degree to which various port ions of 
the down-stream channel network are in "equi l ibr ium", 
and a useful perspective from which to predict future 
channel changes. 
2. A network of channel geometry stat ions (VIGIL network) 
was establ ished. Channel width, depth, slope and bed-
sediment characterist ics were measured for 11 stat ions 
downstream of the Canadian Border. This information 
and U.S. Geological Survey streamflow data were used 
to establ ish hydraul ic geometry relat ionships which 
describe the manner in which the exist ing channel 
network has adjusted to the prevai l ing water/sediment 
load. The hydraul ic geometry of the North Fork is then 
used as the basis for predict ing channel response as 
a funct ion of altered water/sediment load. 
3. A thorough review of the mine plan which detai ls the 
proposed Cabin Creek coal development and review of 
general l i terature on coal-mine sediment impacts was 
conducted to est imate how the mining wi l l  affect the 
supply of water and sediment to the North Fork. Low 
and high sediment yield scenarios ref lect ing varying 
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degrees of success at mine reclamation and 
performance of the mine drainage-sediment detention 
network, were used to predict the potential  down­
stream impacts of coal development. 
4. The potential  for channel impacts due to t imber 
harvest was evaluated based largely on review of 
l i terature describing the effects of past forest 
pract i  ces. 
Col lect ively, the analysis provides both a framework for long-term 
monitoring of f luvial geomorphic change in the North Fork drainage 
and a means for evaluating potential  downstream impacts of al tered 
water/sediment supply to the North Fork as the result  of land develop­
ments .  
CHAPTER I I  
DESCRIPTION OF THE STUDY AREA 
Location and Physiography 
The North Fork or iginates in the Canadian Rocky Mountains of 
southern Bri t ish Columbia and f lows southward 105 miles to i ts con­
f luence with the Middle Fork of the Flathead River in northwestern 
Montana. Roughly one-third (427 square miles) of the total drainage 
area (1,548 square miles) l ies in Canada (Figure 1). The r iver occupies 
a narrow, l inear, northwest trending, glacial val ley bounded by high 
rugged mountains ranging in elevation from 5,000 to 9,000 feet.  In 
Bri t ish Columbia, the drainage is bounded to the west and north by the 
MacDonald Range and to the east by the Clark Range; in Montana, the 
Whitef ish and Livingston ranges form the western and eastern drainage 
divides, respectively. 
From the headwaters to i ts confluence with Camas Creek (86 miles), 
the r iver system is predominantly al luvial and f lows over varying 
thicknesses of coarse glacial dr i f t  and f luvio-glacial sediment under­
lain by Tert iary claystone, conglomerate and si l tstone. Downstream 
from Camas Creek the North Fork enters a canyon and the channel is 
strongly control led by Precambrian metasediments. This study is 
primari ly concerned with the 40 mile reach of al luvial channel ex­
tending from the U. S. Canada border to Camas Creek. 
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CIi mate 
The North Fork watershed has a humid microthermal continental 
cl imate. Winters are dominated by northern continental polar air  masses 
with minor Pacif ic marit ime inf luences. The major port ion of precipi­
tat ion occurs as snowfal l  between October and Apri l  (Dightman, 1967; 
Delk, 1972) and the watershed general ly remains snow covered from mid-
November to mid-Apri l .  
The spatial  distr ibut ion of temperature and precipitat ion are closely 
related to basin topography. Precipitat ion and temperature data for 
two long-term stat ions, Fernie, Bri t ish Columbia, and Polebridge, Montana, 
are given in Table 1. 
TABLE 1. 
Cl imatic Data for Fernie, Bri t ish Columbia and Polebridge, Montana 
Period Mean Annual Mean Dai ly 
Stat ion Elevation of Years Precipitat ion Temperature 
Fernie, 3,290 f t .  1913- 42.6 in. 39°F 
B. C. Present 
Polebridge, 3,520 f t .  1945- 23 in. 39°F 
MT. Present 
Streamflow Characterist ics 
Long-term streamflow data have been col lected by the U. S. 
Geological Survey and Canadian Water Survey at two gaging stat ions in 
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the North Fork drainage. The North Fork at Bri t ish Columbia (12-3550) 
is located on the U.S./Canadian border and has been maintained joint ly 
by the two countr ies since 1929. The North Fork near Columbia Fal ls 
(12-3555) has been maintained since 1911 by the U. S. Geological Survey. 
In 1977, the Canadian Water Survey instal led gaging stat ions on Cabin 
Creek, Howell  Creek and Couldrey Creek near the proposed Cabin Creek 
coal development. Addit ional data, mainly on tr ibutary streams, have 
been col lected on a periodic basis as part of water qual i ty and f isheries 
investigat ions (Hunter, 1977; Peterson, 1977; Graham et al . ,  1980) con­
ducted in the past f ive years. Of the avai lable streamflow information, 
only the data for the North Fork at B.C. and near Columbia Fal ls are of 
suff ic ient detai l  and length for stat ist ical analysis of f lood frequency, 
f low durat ion and other runoff characterist ics of importance in the study 
of channel processes. A detai led analysis of streamflow characterist ics 
of these two stat ions is presented. 
Runoff regime 
Within the upper North Fork Flathead River Basin, annual maximum dis­
charges normally occur in May or June as the result  of snowmelt runoff.  
The majori ty total annual runoff occurs in the Apri l ,  May, June, July 
period. Minimum f lows occur in the months of December, January, February. 
The mean dai ly discharge characterist ics of the North Fork at B.C. 
and near Columbia Fal ls are summarized in Figures 3 and 4, which were 
prepared by the U. S. Geological Survey (1981). The durat ion hydrographs 
give information on the seasonal distr ibut ion and magnitude of mean 
dai ly runoff of the two stat ions. The lowest l ine of the hydrograph 
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]'?Ii ^19ure 3- Summary f low-durat ion 
hydrograph for mean dai ly discharge 
of the North Fork at  B.C. ( lower 
l ine = 100%; upper l ine = 0%). 
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Figure 4. Summary f low-durat ion 
hydrograph for mean dai ly discharge 
of the North Fork near Columbia 
Fal ls,  MT. ( lower l ine = 100%; 
upper 1ine = 0%) 
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(100% exceedance) represents the minimum mean dai ly f low for the period 
of  record analyzed. The uppermost l ine indicates the maximum mean dai ly 
discharge (0% exceedance) over the period analyzed. The average mean 
dai ly discharge is given by the middle or 50% exceedance value. The 
extreme and average f low character ist ies of the two stat ions are summarized 
in Table 2. 
Annual f lood frequency 
Annual f lood frequency curves were prepared for the two stat ions 
using a programmed version of the Log Pearson Type I I I  frequency distr ibu­
t ion as recommended by the U. S. Water Resources Counci l  (1977).  Flood 
magnitudes associated with recurrence intervals of 1.5, 2, 5,  10, 25, 50 
and 100 years are given in Table 3. The largest f lood of record occurred 
in June of  1964 and was approximately a 50-year f lood for the North Fork 
at  B.C. and exceeded the calculated 100 year f lood for the North Fork near 
Columbia Fal ls.  This event,  caused by intense rain on a wel l  preserved 
winter snowpack, caused extensive damage in Northwest Montana (Boner and 
Stermitz,  1967).  
Peak discharges are important channel forming f lows. Annual maximum 
instantaneous f lows for the North Fork at  B.C. were tabulated (Figure 5) 
and broadly indicate the range of  peak f lows for the period of record. 
The rat io of the maximum peak f low of record (16,300 cfs.)  to the average 
annual peak f low (8,400 cfs.)  is about 2. 
Flow Durat ion 
Flow durat ion curves which represent the percentage of t ime a given 
f low is equal led or exceeded, were prepared by the U.S. Geological  Survey 
(1981) from dai ly mean discharge records for the two stat ions. The per iod 
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Table 2. 
Summary of  Extreme and Average Flow 
Character ist ies for North Fork Gaging Stat ions 
Period of 
record 
Drainage Area 
Period of record 
summarized by 
durat ion 
hydrograph 
Minimum mean 
dai ly discharge 
Winter basef low 
Maximum mean 
dai ly discharge 
Maximum 
instantaneous 
peakf low 
Mean annual 
d i  scharge 
North Fork at  
Br i t ish Columbia 
(12-355000) 
1929- 1979 
427 mi .2 
1960-1979 
62 cfs 
100 cfs 
13,900 cfs 
16,300 cfs 
(June 8, 1964) 
953 cfs 
(1951-1981 ) 
North Fork near 
Columbia Fal ls 
(12-355500) 
1911- 1979 
1548 mi .2 
1940-1979 
240 cfs 
300 cfs 
54,000 cfs 
69,100 cfs 
(June 9,  1964) 
2,991 cfs 
(1910-12, 
1913-15, 
1935-81 )  
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Table 3. 
Annual Flood Frequencies* for the 
North Fork Gaging Stat ions 
North Fork at  North Fork near 
Br i t ish Columbia Columbia Fal ls 
(12-3550) (12-3555) 
Period of 
record used 1929-1978 1929-1978 
Recurrence 
Interval 
(Years) 
1.5 5,000 cfs 16,900 cfs 
2 7,500 20,000 
5 10,200 27,500 
10 12,100 32,000 
25 15,000 37,000 
50 17,000 42,000 
100 19,000 46,000 
*Based on instantaneous peak f lows of the annual 
maximum ser ies and the Log Pearson Type I I I  
frequency distr ibut ion 
2 
o4 
9 
8 
7 
6 
5 
4 
3 
2 
3 
19 
. -. _ r~_. - - --  •_• -:  
^zr- " =-i .  • .. - -. -
— _ -  -  — '  — ^ - _ -- — - r - -_^.- — - -: T . -
— l-HL r - - T- ^ :T- --- — i- : —  -  =  r-~ ~ — — . • - -
~ • -
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of record 1952-1979 was used for the North Fork at  B.C. and 1911-1979 
for the North Fork near Columbia Fal ls.  The curves (Figure 6) show that 
f lood f lows at the two stat ions are of relat ively short  durat ion. Over 
the period of record, a discharge of 6,000 cfs. ,  the 1.5 year f lood, was 
equaled or exceeded about 2% of  the t ime at the Canadian Border stat ion. 
The 1.5 year f lood (16,900 cfs.)  for the North Fork at  Columbia Fal ls had 
a s imi lar durat ion. 
The shape of  the f low durat ion curves are largely determined by the 
biological ,  hydrologic and geologic character ist ics of the watershed 
(Searcy, 1959).  The curves have relat ively steep slopes which indicate a 
r iver system with f low derived largely from direct runoff  and a moderate 
contr ibut ion from groundwater runoff .  Slopes of  the curves on the lower 
ends di f fer sl ight ly with the North Fork near Columbia Fal ls somewhat 
f lat ter indicat ing increased importance of groundwater storage which 
tends to smooth out low f low variat ion. Upper ends of  the curves tend to 
f lat ten which is character ist ic of  streams with high f lows dominated by 
snowmelt  runoff  (Searcy, 1959).  
Vegetat ion 
The North Fork's vegetat ion inf luences watershed runoff  character­
ist ics, soi l  erosion rates and channel bank stabi l i ty,  as wel l  as pro­
viding wi ldl i fe habitat  and t imber resources. An understanding of the 
North Fork's f loodplain plant ecology provides a useful  basis for the 
interpretat ion of contemporary and histor ic channel processes. 
Spat ial  var iat ion and species composit ion of  North Fork plant 
communit ies ref lect di f fer ing soi l  character ist ics, c l imate, water 
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balance and disturbance histor ies which include frequent f i res, f looding, 
grazing, insect infestat ion, and other land disturbances. 
Lodgepole pine (Pinus contorta)* a serai  t ree species with low shade 
tolerance, has the abi l i ty to dominate most lower elevat ion and mid-
montane s i tes in the North Fork drainage fol lowing major disturbances 
(Ross and Hunter,  1976; FNF, 1979).  The f i re history of the Flathead 
basin provides an explanat ion of the widespread dense stands of lodge­
pole that dominate much of  the North Fork today. In 1910, f i res burned 
an est imated 100,000 acres of  land within Glacier Nat ional Park. In 
1929. a large f i re burned 50,000 acres in the v ic ini ty of Apgar f lats and 
the North Fork (Buckholtz,  1976).  Simi lar ly,  within the Canadian por­
t ion of the watershed i t  has been est imated that between 1830 and 1931, 
a minimum of 34 f i res burned about 73,000 acres, or 43% of the pro­
duct ive forest area (Ringstad and Demarchi ,  1976).  Many of  the exist ing 
lodgepole stands in the upper North Fork drainage are infested with the 
mountain pine beet le to epidemic proport ions. The pine beet les bore 
into the trees, k i l l ing them and ul t imately produce opt imum condit ions 
for forest f i re.  Once burned, lodgepole once again becomes the dominant 
s i te species and the cycle is perpetuated. 
The r iver f loodplain of the North Fork supports extensive forests,  
dominated by cottonwood (Populus tr ichocarpa) and spruce (Picea, spp.) 
which often include lodgepole pine, aspen (Populus tremuloides),  Rocky 
Mountain juniper (Juniperus scopulorum) and western larch (Lari  x 
occi  dental i  s) (Al len, 1980).  
*N0TE: Al l  taxonomic nomenclature fol lows Hitchcock and Conquist,  1973. 
Flora of the Pacif ic Northwest.  
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Throughout f lood plain si tes in the North Fork, smal l  palustr ine 
wetlands are common (Cowardin et  a l . ,  1979).  Species character ist ic to 
these si tes include sedges (Carex spp.),  rushes (Juncus spp.) and 
horsetai ls (Equisetum arvense).  
In addit ion to inf luencing slope hydrology and watershed runoff  
character ist ics, vegetat ion local ly exerts an important inf luence on bank 
stabi l i ty.  In areas where stream banks consist  of  loosely consol idated 
f ine al luvium, the roots of  r ipar ian shrubs and grasses inf luence bank 
cohesion. Woody vegetat ion such as spruce and cottonwood dominate channel 
banks and further enhance bank stabi l i ty.  A descr ipt ion of typical  
f loodplain and r ipar ian vegetat ion in the North Fork watershed is given 
in Appendix C. 
Geology and Basin Evolut ion 
The North Fork Val ley is structural ly complex and contains a wide 
var iety of  rock types di f fer ing in age and l i thology. The southern two-
thirds of the drainage is dominated by the Precambrian Belt  Super Group 
and consists mainly of  argi l l i te,  l imestone, dolomite and quartzi te meta-
sediments. The northern third (north from the Trai l  Creek drainage) 
contains Paleozoic quartzi tes, l imestones, shales and dolomites; 
Mesozoic sandstones, shales and l imestones. These more recent sediments 
contain s igni f icant amounts of  coal and have high oi l  and gas potent ial .  
Igneous rocks ranging in composit ion from metadior i te to granite 
intrude the Precambrian metasedimentary rock sequence in minor amounts. 
Cenozoic deposits consist ing of Tert iary val ley f i l l  and Quaternary 
glacial  and al luvial  mater ials occur throughout the val ley bottoms of 
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the study area (Ross, 1959; Johns, 1970; Pr ice, 1965).  
Widespread faul t ing in the basin is responsible for the area's 
dominant northwest structural  t rend. Whi le the North Fork fol lows this 
trend, t r ibutary streams in the Whitef ish, Liv ingston, MacDonald, Clark 
and Flathead ranges cross the dominant northwest structure at a high 
angle. I t  has been suggested by Deiss (1936) and others (Ross, 1959; 
Pr ice, 1965) that this is due to superposit ion of the exist ing drainage 
pattern. 
At the onset of  Pleistocene glaciat ion, the present drainage courses 
of  the North Fork were wel l  establ ished. An except ion is the channel 
reach from Camas Creek to the conf luence with the Middle Fork. During 
pre-glacial  t imes, the mainstem North Fork f lowed to the east of  Apgar 
Mountains through the areas referred to as McGinnis Meadows. Pleistocene 
glaciat ion enlarged the trough between Glacier View and Huckleberry 
Mountain and was responsible for the North Fork's diversion to i ts present 
course through Glacier View Canyon (Erdmann, 1947).  
During the Wisconsin glacial  per iod, ice in the upper North Fork 
val ley reached a maximum thickness of about 1,800 feet (Pr ice, 1965).  
Tr ibutary glaciers in the Whitef ish and Livingstone range coalesced 
to form a trunk glacier which occupied the main North Fork val ley. 
Depths suff ic ient to overr ide the Apgar Mountains and Demers Ridge 
(6,660 feet ) were reached just south of  the study area; here the ice 
probably at tained thickness of 2,000 to 3,000 feet (Alden, 1953).  
Simi lar ice masses from the middle and south fork of the Flathead 
coalesced and passed westward through Bad Rock Canyon, eventual ly reaching 
the larger ice masses moving south from Canada. 
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The most conspicuous results of  cont inental  glaciat ion are the 
broadening of the North Fork val ley and the creat ion of a number of  
steep wal led trough-shaped tr ibutary val leys. Several  of  the larger 
lakes in the Livingston Range (Kint la,  Quartz,  Bowman, Logging) owe 
their  or igins (or enhancement) to recessional moraines blocking val ley 
troughs. A larger recessional moraine located between three and s ix 
miles south of  Big Creek appears to be the only evidence of a s t i l l  stand 
by Wisconsin ice in the upper North Fork (Alden, 1953).  
Since deglaciat ion of the area roughly 10,000 years ago, the North 
Fork has cut down through the glacial  dr i f t  and outwash (averaging about 
50- to 200-feet thick) exposing the underly ing Tert iary val ley f i l l .  The 
existence of two sets of  remnant paired terraces suggest at  least two 
periods of  downcutt ing and hydraul ic adjustment s ince deglaciat ion. 
The North Fork f lows over varying thicknesses of al luvium and dr i f t  
underlain by the Tert iary Kishenehn formation. The channel is dominant ly 
a l luvial ;  however,  at  several  locat ions Holocene downcutt ing has incised 
the channel into the more cohesive Kishenehn formation, which exerts 
not iceable channel control .  In general ,  the North Fork has a coarse 
gravel bed, low sinuosity,  bedload channel wi th width/depth rat ios commonly 
greater than 25. 
Land Use 
The North Fork watershed is an area of diverse land uses which include 
recreat ion, tour ism, t imber product ion, rural  subdivis ion and develop­
ment of  mineral  resources. In both the Canadian and United States por­
t ions, t imber harvest and forest development have been the most extensive 
land uses. 
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The f i rst  geological  reconnaissance of the area, in 1885 by 
Dawson, recognized the area's potent ial  as a fossi l  fuel  producer.  
Subsequent explorat ion has located relat ively large developable deposits 
of  coal within the Canadian port ion of the watershed and establ ished the 
potent ial  for oi l  and gas product ion. I t  is l ikely that fossi l  fuel  
product ion wi l l  become a s igni f icant land use over the next decade. 
The exist ing distr ibut ion of land ownership in the North Fork 
drainage is given in Table 4. Glacier Nat ional Park, the Flathead 
National Forest,  and Br i t ish Columbia Forest Service together manage 91% 
of the total  watershed area. Whi le pr ivate land ownership in the United 
States port ion is relat ively smal l  (2%), most is in r iver bottom lands 
as indicated by the r iver frontage tabulat ion. 
Land Management 
Glacier Nat ional Park. The master plan for Glacier Nat ional Park 
indicates that the North Fork lands therein are managed mainly as wi lder­
ness with emphasis on recreat ional use and preservat ion of natural  values. 
Flathead National Forest.  The Flathead National Forest (FNF) 
manages most of  the western side of the North Fork watershed in the United 
States under guidel ines establ ished by the Mult iple Use Sustained Yield 
Act of  1960 and the National Environmental  Pol icy Act of  1969. Desig­
nat ion of the North Fork as a Scenic and Recreat ional River under the Wild 
and Scenic Rivers Act of  1970 has establ ished addit ional management guide­
l ines for an 8,840 acre zone of  the r iver.  
Pr ior to 1950, minor areas within the Flathead National Forest were 
logged and few roads constructed. Over the next 20 years, t imber 
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Table 4. 
Land ownership -  North Fork Flathead River Basin 
United States 
Managing Agency 
Glacier Nat ional Park 
U. S. Forest Service 
Flathead National Forest 
Dept.  of  Natural  Re­
sources and Conservat ion 
Forestry Divis ion 
Private Land Owner 
Area 
sq. mi,  
594 
444 
28 
35 
1  ,101  
% U.S. 
Port ion 
54% 
40 
3 
3 
% Total  
Area 
39;; 
29 
2 
2 
Ri ver 
Frontage 
50% 
1 6  
7 
28 
Canada 
Managing Agency 
Br i t ish Columbia 
Forest Service: Flat­
head Provincial  Forest 
Park Reserve Status 
Private Land Owner 
Area 
sq. mi 
362 
56 
9 
% Canadian 
Port ion 
85c ;  
13 
2 
% Total  
Area 
24% 
4 
1 
427 
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management act iv i t ies were given high pr ior i ty,  largely as the result  
of  ef forts to control  spruce bark beet le infestat ion in the Whitef ish 
Range. A s imi lar insect infestat ion in 1967 renewed t imber harvest 
act iv i ty.  During the t ime between the two infestat ions, many of  the 
west s ide tr ibutary drainages were logged and roads were constructed 
(FNF, 1974).  Much of  the t imber harvest ing was accomplished by clear-
cutt ing, which, with roading has had a s igni f icant impact on water 
qual i ty,  run-off  character ist ics and channel dynamics of  t r ibutar ies in 
the Whitef ish Range (Delk,  1972; 1973).  
The management plan for the North Fork planning unit  (Glacier View 
Ranger Distr ict  as adopted in 1974) recognized the impact of  past forest 
pract ices to the stream system and placed emphasis toward enhancing 
watershed restorat ion and hydrologic recovery of  affected areas (FNF, 
1974).  However,  recent mountain pine beet le infestat ion of epidemic pro­
port ions has once again placed emphasis on insect control  v ia infected 
stand removal and salvage (FNF, 1979).  
Flathead Provincial  Forest.  The Flathead Provincial  Forest,  ad­
ministered by the Br i t ish Columbia Forest Service occupies 85% of  the 
watershed in Canada. Due to high elevat ion and extensive alpine areas, 
product ive forest lands occupy less than one-half  of  the watershed 
(Ringstad and Demarchi,  1976).  In general ,  the product iv i ty of  the forest 
is ranked low for commercial  t imber.  
Between 1965 and 1972, extensive areas were c lear-cut in an attempt 
to control  and spread of beet les; extensive road construct ion associated 
with the t imber harvest resulted in relat ively free access to the ent ire 
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watershed. In 1976, i t  was est imated that about 10% of  the watershed 
area had been disturbed by t imber harvest,  road construct ion and other 
land development (Hinton and Assoc.,  1976).  By 1976, the beet le in­
festat ion had spread to epidemic proport ions, in both Canada and the 
United States. A program of accelerated harvest of  infected stands was 
in i t iated. In 1978, about 4,200 acres (6.6 square mi les clear-cut 
equivalent) were logged, pr imari ly from lower elevat ion f loodplain si tes 
along Sage Creek, Kishinena Creek and the Flathead River.  I t  has been 
est imated that 5,500 acres/year (8.6 square mi les) would be harvested 
from the area through the early to mid-1980's (Pat Graham, 1980).  
Pr ivate Land Use - -  United States. Pr ivate land in the United States 
has histor ical ly been used for forest products, recreat ion and l iv ing the 
rural  l i festyle the area affords. Scenic beauty and recreat ional 
opportunit ies have attracted many and thus provide a st imulus for land 
speculat ion and rural  subdivis ion development.  As of  1977, about 17.5% 
(3,941 acres) of  the pr ivate land had been subdivided into plots as 
smal l  as three acres (DNRC, 1977).  Increasing recreat ional use and fossi l  
fuel  development wi l l  probably increase the amount of  subdivided land. 
Fossi l  Fuel Development 
The existence of potent ial ly developable fossi l  fuel  resources within 
the North Fork has long been known. Natural  o i l  seeps occur in the upper 
North Fork drainage in the vic ini ty of Kint la and Bowman Lakes and near 
the mouth of  Kishenehn Creek. Pr ice (1965) notes that commercial  
quant i t ies of natural  gas have been discovered in the Paleozoic rocks of 
the Pincher Creek and Waterton f ie lds northeast of  the Flathead area; 
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here the porous crystal l ine dolomites of  the Upper Mississippian and 
Devonian have been folded and form reservoirs along the eastern edges of  
thrust sheets. Tectonism in the Canadian port ion of the watershed has 
deformed several  porous (carbonate Paleozoic) formations into ant ic l inal  
and dome-l ike structures which provide simi lar reservoirs.  
Sporadic exploratory dr i l l ing by var ious companies between 1902-
1953, pr imari ly in the southeastern port ion of the watershed in Bri t ish 
Columbia, revealed l i t t le gas or oi l  of  commercial  value (Johns, 1970; 
Trauerman, 1943).  In 1953, a combined exploratory venture by Pacif ic 
Petroleums Ltd. and At lant ic Ref ining Co. discovered gas at  a depth of  
7,500 to 8,000 feet in Mississippian age rocks in the Sage Creek area. 
Tests indicated a potent ial  of  1.35 mi l l ion cubic feet per day. In 
1960, Shel l  Canada dr i l led a 11,888-foot wel l ,  about four mi les northwest 
of  Middle Pass, B.C.,  reaching the Pal l iser Devonian formation; this wel l  
y ielded about 1.86 mi l l ion cubic feet per day. Shel l  Canada is con­
t inuing explorat ion of this area and planning to explore the Cabin Creek 
area. 
Early dr i l l ing efforts in 1902-04 in the United States port ion of 
the watershed by Kint la Lake Co. and Butte Crude revealed l i t t le promise. 
In 1905, a minor amount of  o i l  was discovered near Kint la Lake; sub­
sequent at tempts fai led to produce commercial  quant i t ies of oi l  or gas 
(Trauerman, 1943).  Some 200,000 acres of  land in the United States 
port ion of the North Fork are under lease for explorat ion. 
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Coal Development 
Al though the presence of  coal in the North Fork has been known since 
the early 1900's,  i t  was not unt i l  the 19601s that s igni f icant coal de­
posits were located in the Cabin Creek area about eight mi les north of 
the internat ional boundary. Farther south in the drainage, most notably 
in the vic ini ty of the Coal Banks, north of Coal Creek's junct ion with 
the North Fork, ear ly explorat ion and development took place. Two basic 
types of  coal exist  in the Flathead drainage--a low to medium grade of  
l igni t ic coal with no appreciable coking qual i t ies, and a higher grade of 
coking grade bi tuminous coal (Wood, 1892; Johns, 1970; Douglas, 1970).  
The l igni t ic coal beds occur in the basal part  of  the Tert iary 
Kishenehn Formation and have supported the only producing mine located in 
the United States port ion of the drainage. The North Fork mine, located 
about s ix mi les north of the Big Creek Ranger Stat ion in the Coal Banks 
area, produced about 600 tons in 1933; the mine closed in 1940 and has 
been id le since (Rowe, 1906; Erdmann, 1947; Johns, 1970).  Scattered 
occurrences of coal in the Kishenehn Formation have been reported in the 
southern port ion of the watershed. I t  is l ikely that the lateral  
var iat ion of lent icular coal bearing strata and i ts low qual i ty wi l l  pre­
clude extensive development.  
The high grade coal deposits located in the Cabin Creek area of 
Br i t ish Columbia represent a port ion of extensive coal deposits located 
in the foothi l ls and Rocky Mountain region. Coal product ion from this 
region accounts for more than 60% of the total  Canadian output.  
With the increasing demand for coal as an energy source, Pan Ocean 
Oi l  Ltd. (owner of  coal leases in the Howel l  and Cabin Creek areas) 
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merged with the Rio Tinto Canadian Explorat ions Ltd. ( the explorat ion 
branch of Rio Algom Ltd.)  to explore and develop Cabin Creek area coal 
resources. This agreement resulted in the formation of Sage Creek Coal 
Co. Ltd. which is planning the development of  a coal p i t  mine and 
processing complex capable of  producing about 2.6 mi l l ion tons of clean 
thermal coal per year (Sage Creek Coal Ltd.,  1982).  A thorough ex­
ploratory program has revealed the two large hi l ls north and south of  
Cabin Creek contain 152 mi l l ion tons of recoverable coal.  
Current ly Crows Nest Industr ies (a subsidiary of  Shel l  Canada) is 
conduct ing prel iminary studies for the development of  several  coal deposits 
in the upper port ions of the watershed. The largest s i te has an est imated 
60 mi l l ion tons of  coal (Lodgepole deposit) .  No information is avai lable 
on the quant i ty of  coal present for another s i te just across the r iver 
(Li l l ib ird).  Crows Nest Industr ies also has a coal deposit  in the upper 
end of  Cabin Creek which may be developed after Sage Creek Ltd. develops 
the lower Cabin Creek s i te (Pat Graham, 1980).  The coal reserves of the 
Crows Nest Coalf ie ld,  of  which the Cabin Creek development would be the 
southern most end, are est imated to be f ive bi l l ion tons (Douglas, 1970).  
Detai ls of  the Cabin Creek development are given in Chapter IV. 
CHAPTER I I I  
RESEARCH METHODS AND DATA 
Channel Mapping and Classi f icat ion 
Introduct ion 
Geomorphic mapping, c lassi f icat ion and analysis of  the North 
Fork provides the most complete insight into histor ic r iver channel 
processes and the nature of channel changes over t ime. I t  serves as a 
useful  basel ine describing contemporary channel morphology and as a 
basis for determining the relat ive geomorphic equi l ibr ium of the r iver 
system. The lat ter is of special  importance in the appl icat ion of 
dominant discharge concepts and the predict ion of future channel changes. 
Before discussing the methods and data, a br ief  overview of the 
interrelat ionship between channel form and process in al luvial  r ivers is 
given. Appl icat ion of the concepts of  channel equi l ibr ium and dominant 
discharge to the North Fork is also br ief ly considered. 
Channel Form and Process 
Wolman and Mi l ler (1960) developed the concept that in most instances 
the effect ive forces that shape the r iver channel have a recurrence rate 
intermediate between the very frequent low-f lows that are insuff ic ient 
to in i t iate sediment t ransport  and infrequent high discharges that 
transport  large quant i t ies of sediment.  Thus the effect iveness of a 
given discharge is determined by the magnitude of  sediment t ransport  
and frequency of  occurrence (Figure 7).  
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The frequency and magnitude of the effect ive discharge depends 
upon the runoff  character ist ics of the watershed, the relat ive importance 
of large f loods in the watersheds streamflow history, and the magnitude 
of f lu id forces required to erode the channel (Baker,  1977; Andrews, 
1980).  The ef fect ive discharge has been shown to approximate the 
channel 's bankful l  discharge ( the f low at which water just overf lows the 
act ive f loodplain) which has a relat ively frequent occurrence (one- to 
f ive-year recurrence interval on the annual ser ies) and short  durat ion 
(one to ten days/year) (Harvey, 1969; Emmett,  1975; Wil l iams, 1978; 
Andrews, 1980).  Because of  this correlat ion, bankful l  discharge has 
also been referred to as the channel forming or "dominant" discharge to 
which the channel 's geometry and hydraul ic character ist ics are adjusted 
(Wolman and Mi l ler,  1960; Pickup and Warner 1976; Blench, 1966; Parker,  
1978).  
This condit ion of adjustment is character i  zed by a relat ively uniform 
spat ial  distr ibut ion of energy expenditure within the channel network 
and a minimum expenditure of  stream power is required to transport  the 
imposed sediment load (Leopold and Langbein, 1963; Song and Yang, 1980).  
I t  is analagous to the equi l ibr ium condit ion of thermodynamics in which 
the elements of  an open physical  system mutual ly adjust to provide the 
most ef f ic ient f low of energy through the system (Chorley and Kennedy, 
1971).  
When appl ied to r iver systems, the equi l ibr ium concept has resulted 
in a var iety of terminology used to denote the hydraul ical ly adjusted 
channel.  These include "dynamic equi l ibr ium" (Gi lbert ,  1917),  "graded" 
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Figure 7- Relat ions between discharge and sediment-
transport  rate, frequency of occurrence, and the 
product of  frequency and transport  rate. The mag­
ni tude of sediment t ransport  at  a given discharge 
is shown by curve A. Curve B, the distr ibut ion of 
streamflows, represents the frequency with which a 
part icular discharge occurs. Curve C is the pro­
duct of  the sediment t ransport  magnitude and the 
frequency of occurrence and represents the relat ive 
effect iveness of a given discharge. The crest of  
curve C is the range of discharges which transport  
the major port ion of the average annual sediment 
load and when represented by the modal sediment 
t ransport ing discharge, is cal led the effect ive 
discharge (Andrews, 1980).  
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(Mackin, 1948),  "quasi-equi1ibr ium" (Leopold and Langbein, 1963),  
"regime" (Lacey et a l . ,  1929; Blench, 1966) and "steady-state" (Chorley 
and Kennedy, 1971).  Channel equi l ibr ium is neither perfect nor stat ic.  
I t  is a dynamic balance in which over a given channel reach, rates of 
change of  channel morphology (bank erosion/deposit ion; bed erosion/ 
deposit ion) tend to f luctuate closely about a mean value over the short  
term as water and sediment are transported through the channel reach. 
Leopold and Bul l  (1979) have stated: 
A graded stream is one in which over a per iod 
of years, s lope, veloci ty,  depth, width, rough­
ness, pattern and channel morphology del icately 
and mutual ly adjust to provide the power and 
ef f ic iency necessary to transport  the load 
suppl ied from the drainage basin without net 
aggradat ion or degradat ion of the channels.  
This def ini t ion impl ies that for a graded stream: 
a) Rates of  lateral  channel erosion tend to be balanced 
by rates of  lateral  channel deposit ion and lateral  
channel migrat ion occurs at  a relat ively uniform rate, 
b) The bed of the channel nei ther aggrades nor downcuts 
but rather,  over a per iod of years, f luctuat ions in 
bed elevat ion are distr ibuted closely about a mean 
value, 
C) The longitudinal prof i le of the stream tends toward 
concavity,  and 
D) In a downstream direct ion the channel networks'  width, 
depth, and veloci ty increase at relat ively uniform 
rates which ref lect the cont inuing adjustment of  the 
channels water/sediment t ransport  capacity to 
increases in the amounts of  water and sediment suppl ied, 
as watershed area increases downstream. 
Emphasis is placed on the channel reach (a segment of  channel roughly 
f ive to f i f ty channel widths long) because i t  is l ikely that local 
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variat ion in drainage basin processes and character ist ies preclude 
the ent ire channel network being in the equi l ibr ium state at the same 
t ime. In the absence of  tectonic act iv i ty,  changes in cl imate, and base 
level ( to a lesser extent),  a purely al luvial  stream system may at tain 
equi l ibr ium in i ts ent irety.  Other constraints such as bedrock controls 
which create knick-points on the long channel prof i le,  land use, or 
r iver engineering works may prevent attainment of  equi l ibr ium over a given 
port ion of the channel network. 
For equi l ibr ium to exist ,  the t ime series of water and sediment sup­
pl ied to the channel must be relat ively stat ionary with dist inct trends 
( increase or decrease) absent.  Extreme var iat ion in the water or 
sediment supply precludes attainment of  equi l ibr ium (Santos-Cayade and 
Simons, 1973),  and the dominant discharge concept is of l i t t le use in 
describing channel morphology and hydraul ics (Pickup and Rieger,  1979).  
For example, Stevens, Simons and Richardson (1975) suggested that 
r ivers with extremely var iable f low regimes may display non-equi l ibr ium 
r iver form. They found that i f  the rat io of each individual peak f low 
to the average annual peak f low is smal l ,  a r iver may be " in regime." 
However,  i f  the rat io is large ( i .e. ,  greater than 6) there is a tendency 
for individual extreme f loods to dominate channel forming processes. 
In this instance, the concept of  dominant discharge cannot be rel iably 
appl ied. As indicated earl ier,  the largest f lood of record for the 
North Fork is about two to three t imes the average annual peak. Thus 
the North Fork appears to meet,  at  least,  the f low regime cr i ter ia 
necessary for an equi l ibr ium channel to become establ ished. 
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Geomorphic Mapping 
Channel mapping was done at  two levels.  At a broad scale, the 
ent ire r iver from the Canadian Border to i ts junct ion with the Middle 
Fork of  the Flathead River was mapped. (A s imi lar level of  detai l  in 
air  photo and topographic mapping was not avai lable for the North Fork 
in Bri t ish Columbia and i t  was not included in the analysis.)  Data was 
der ived from the fol lowing sources: 
1.  Black-and-white aer ial  photographs (8/8/72);  scale 1:63,000).  
2.  U.S. Geological  Survey Topographic maps. 
scale 1:24,000; topography based on aer ial  photography 
f lown, 7.25/65 
scale 1:31,680; topography based on f ie ld surveys 
conducted in 1928-1932. 
3.  Limited f ie ld reconnaissance and ground t ruth. 
The channel extending from the Canadian Border to four mi les below 
Polebridge (28 r iver mi les) was mapped in greater detai l  with data 
derived from the fol lowing addit ional sources: 
1. Black-and-white aer ial  photographs (7/18/54, 
scale 1:20,000; 8/22/64, scale 1:15,840 
2. 1:24,000 scale channel mapping using photogrammetr ic 
methods (stereo plotter and the 8/8/72, 1:63,360 scale 
aer ial  photos).  
3.  Extensive ground truth 
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Emphasis in the mapping was placed on describing r iver features which 
may be used to classi fy r iver reaches with simi lar geomorphic 
character ist ics and in the determinat ion of the overal l  stabi l i ty of 
var ious channel reaches. Mapping procedures and f luvial  geomorphic maps 
of  the North Fork extending from the Canadian Border to i ts junct ion with 
the Middle Fork of  the Flathead River are given on Plates A1-A14 in 
Appendix A. 
North Fork Channel Classi f icat ion 
Numerous cr i ter ia have been used to classi fy r iver channels and 
processes. The most basic dist inct ion is between bedrock control led 
channels with morphology determined by competent rock outcrops and 
al luvial  channels which are formed of and by the water/sediment mixture 
they transport .  The North Fork's channel is predominately al luvial ,  
with notable except ions as indicated by bedrock exposures shown on the 
channel maps (Appendix A).  
At the scale of  the drainage basin, Schumm (1977) div ided the r iver 
system into three zones (Figure 8).  The North Fork is dominated by 
Zones 1 and 2 with dist inct local zones of  deposit ion. Schumm (1977),  
further dist inguished between nine subclasses of  al luvial  channels 
(Table 6b).  Using this classi f icat ion, the North Fork is a bedload 
channel r iver with varying degrees of  channel stabi l i ty.  The value M 
in the table is the weighted percentage of s i l t  and clay contained in 
the channel banks and bed; Schumm found this to have a strong negat ive 
correlat ion with the width/depth rat io.  In general ,  the North Fork's 
banks consist  of  coarse non-cohesive mater ial  with low percentages of 
s i l t  and clay. One except ion is the claystone outcrops of the Tert iary 
Up*tr«*m Controls 
(climatet  dt«»trof>hi*m. 
40 
ZONE I (production) 
Drdjnaqe &atm 
ZONE 2 (Lrtntfer) 
Downstream 
Controls 
( bd l̂evci, 
diattrophism.) 
Figure 8. Ideal f luvial  system (Schumm, 1977).  
Table 5. 
Classi f icat ion of al luvial  channels (Schumm, 1977) 
Mode o f  
sed iment  
t ranspor t  
and type  
o f  channel  
Channel  
sed iment  
(M)  
(percent )  
Bedload 
(percentage  
o f  to ta l  
load)  
Stab le  
(graded s t ream)  
Deposi  t i  ng 
(excess  load)  
Erodi  ng  
(def ic iency  o f  load)  
Suspended 
1  oad  
>20  <3  Stab le  suspended-
load  channel .  Width /  
depth  ra t io  <10;  
s inuosi ty  usua l ly  
>2 .0 ;  grad ient ,  
re la t ive ly  gent le  
Deposi t ing  suspended 
1oad channel .  
Ma jor  deposi t ion  on 
banks  cause  
narrowing o f  channel  
mutua l  s t reambed 
deposi t ion  minor  
Eroding  suspended-
load  channel .  
S t reambed 
eros ion  pre -
;  dominant ;  in i t ia l  
channel  w idening  
mi  nor  
Mixed 
load  
5 -20  3 -11  Stab le  mixed- load 
channel .  Width /  
depth  ra t io  >10 .  
<40;  s inuosi ty  
usua l ly  <2 .0 .  
>1 .3 .  grad ient ,  
moderate  
Deposi t ing  mixed-
load  channel .  
In i  t ia l  major  de-
pos i t ion  on banks  
fo l lowing by  
s t reambed de­
pos i  t ion  
Eroding  mixed- load 
channel .  In i t ia l  
s t reambed eros ion  
fo l lowed by  channel  
wi  den i  ng  
Bed load  <5  >11  Stab le  bed- load  
channel .  Width /  
depth  ra t io  >40:  
s inuosi ty  usua l ly  
<1 .3 :  grad ient  
re la t ive ly  s teep  
Deposi t ing  bed- load 
channel .  S t ream-
bed deposi t ion  and 
is land format ion  
Eroding  bed- load 
channel .  L i t t le  
st reambed eros ion;  
channel  w idening  pre  
domi  nant  
ZONE. 3 (deposition) 
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Kishenehn Formation, which may impose not iceable controls on channel 
morphology in al luvial  reaches. 
Kel lerhals et .  al .  (1976) presented the most comprehensive channel 
c lassi f icat ion system direct ly appl icable to gravel-bed r ivers. Their  
system is an extension of work by Al len (1965),  Mol lard (1973),  and 
Galay (1973).  I t  emphasizes genet ic c lassi f icat ion of r iver channels 
based on descr ipt ion of f luvial  features and assessment of  lateral  channel 
stabi l i ty.  This approach was adopted in modif ied form for classi f icat ion 
of the North Fork. Detai ls of  the method used for del ineat ing channel 
reaches and channel c lassi f icat ion are given in Appendix B. 
In general  the classi f icat ion rel ies on the tendency for a given 
channel reach to accumulate sediment (aggrade) i f  the sediment load 
exceeds the reache's t ransport  capacity,  result ing in the increased size 
and number of  gravel bars in the channel.  I f  the sediment load great ly 
exceeds the reache's transport  capacity,  braiding wi l l  occur,  result ing 
in a mult iple thread rather than single thread channel (Schumm, 1977; 
Church and Jones, 1982).  Further,  as the reach accumulates sediment the 
channel is increasingly incl ined to widen through bank erosion (Leopold 
and Wolman, 1957) and lateral  channel act iv i ty becomes more prevalent.  
Channel stabi l i ty units are explained in detai l  in Table 6c and 
are shown on Figures 9-11. Whi le these units are specif ic to the North 
Fork, they are probably appl icable to many gravel-bed r ivers. Com­
parison of 1928-32 channel maps with the 1965 and 1972 maps shows that 
overal l , the stable and s l ight ly unstable channel reaches have not ex­
perienced major changes in channel pattern or posit ion over the 30 to 
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Table 6. 
Descript ion of North Fork Channel Stabi l i ty Units 
Channel reaches character ized by a 
s ingle channel with undivided f low and 
l i t t le evidence of rapid lateral  channel 
migrat ion. Gravel bars consist  of  
point bars, channel s ide bars and diagonal 
bars. Is lands and mid-channel bars are 
infrequent.  
Sl ight ly unstable: Channel reaches character ized by a 
(Su) s ingle channel with undivided f low 
common, but may contain mid-channel 
bars and is lands. Local ly areas show 
evidence of rapid channel erosion or 
channel pattern change due to cut-offs.  
Moderately unstable: Channel reaches character ized by at  least 
two channels,  with evidence of frequent 
cut-offs and, rapid lateral  channel 
migrat ion. Al l  types of gravel bars occur 
with frequent occurrences of diamond bars, 
mid-channel bars, and is lands bearing 
vegetat ion. 
Channel reaches character ized by 
more than two channels,  with evidence 
of rapid lateral  channel migrat ion and 
frequent channel changes in the act ive 
f lood plain. Al l  types of gravel bars 
occur with frequent occurrence of 
diamond bars and mid-channel bars. 
Stable: 
(S) 
Highly unstable: 
(H) 
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Figure 9. Map showing channel reach 
stat ions and channel stabi l i ty-
upper sect ion, North Fork of  the 
Flathead r iver.  S = stable, Su = 
s l ight ly unstable, M = moderately 
unstable, H = highly unstable. 
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Figure 10. Map showing channel reach stat ions and channel 
stabi l i ty-  Central  sect ion, North Fork of  the Flathead r iver.  
S = stable, Su = s l ight ly unstable, M = moderately unstable, 
H -  highly unstable. 
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Figure 11. Map showing channel reach stat ions and channel 
stabi l i ty--  lower sect ion, North Fork of  the Flathead 
r iver.  S = stable, Su = s l ight ly unstable, M = moderately 
unstable, H = highly unstable. 
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40 years. Although the major f loods on record (1948, 1964) caused sub­
stant ial  channel erosion and modif icat ion, i t  occurred pr imari ly in the 
moderate to highly unstable reaches. 
Data col lected on the composit ion and condit ion of channel banks 
for the 26 reaches studied are summarized in Appendix B, Table B1, 
which shows the percent of  length of each reach's channel banks which 
are: al luvial ,  bedrock control led, eroding, or major sediment sources. 
The stabi l i ty classi f icat ion for the reach is also given. A comparison 
between the percentage of channel banks showing erosion and the overal l  
stabi l i ty classi f icat ion of the reaches is shown in Figure 12. Because 
the data were tabulated by r iver reaches def ined by contour l ine 
crossings, each reach is not necessari ly homogeneous with respect to the 
classi f icat ion of stabi l i ty.  However,  the classi f icat ion for most 
reaches could be represented by a s l id ing scale with overlap between 
adjacent degrees of  stabi l i ty.  
For example, r iver reach 18 (Figure 9) extends 13,600 feet along 
the center ( thalweg) of  the channel with the total  length of bank being 
about 27,200 feet.  Of the total  bank length, 44% is eroding. As in­
dicated in Table B1 and Figure 12, 30% of  the reach is sl ight ly unstable 
and 70% is stable. A direct relat ionship between increasing percent of  
eroding bank and decreased channel stabi l i ty is evident in Figure 12. 
General ly stable and s l ight ly unstable reaches have erosion along roughly 
20 to 50% of  the total  bank length. Moderate and highly unstable reaches 
have erosion along greater than 50% of  the total  bank length, with values 
as high as 70%. 
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Tabulat ion of data for the 26 reaches revealed three dist inct 
f luvial  environments with character ist ic channel morphologies and 
processes :  
1. Upper Sect ion: 
A 23 mi le sect ion (Figure 9 and 10) which extends 
from the Canadian Border (Stat ion 27) to just 
above Polebridge, Montana (Stat ion 15),  and is 
character ized by a low to medium sinuosity (1.1 to 
1.84, mean = 1.3) al luvial  channel with stable to 
moderately unstable reaches. Throughout this 
sect ion, the channel is incised into al luvium and 
glacial  outwash deposits with Tert iary claystones 
frequent ly exposed in the bed and banks of  t ight 
meander bends. Stable and moderately unstable 
reaches are character i  zed by both relat ively 
straight and meandering patterns. Channel s ide 
bars, point bars and diagonal bars dominate in-
channel accumulat ions of  sediment.  In moderately 
unstable channel sect ions, diamond bars and mid-
channel bars are more prevalent.  
2.  Central  Sect ion: 
A 16 mi le sect ion of channel (Figure 10) which 
extends from just above Polebridge, Montana 
(Stat ion 15) to near conf luence at the North 
Fork and Camas Creek (Stat ion 10).  This sect ion 
is character ized by a low sinuosity (1.02 to 1.12, 
mean = 1.08) al luvial  channel with stable to 
highly unstable reaches, dominated by the lat ter.  
Throughout much of  the 16 mi les, the channel pattern 
is i rregular with local ly braided reaches evident.  
Mult iple channels with frequent mid-channel bars, 
and is lands, and prominent cut-off  channels indicate 
histor ic lateral  instabi l i ty of the channel.  Steep 
(30 to 60 degrees) cut banks in high (50 to 100 
feet)  glacial  terraces adjacent to the channel 
appear to contr ibute large quant i t ies of coarse 
sediment through bank erosion and subsequent mass 
wast ing. 
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3. Lower Sect ion: 
A 19 mi le channel sect ion (Figure 11) which extends from 
near the conf luence of the North Fork and Camas Creek 
(Stat ion 10) to the North Fork's junct ion with the Middle 
Fork (Stat ion 1).  Below Stat ion 9, the North Fork 
abrupt ly f lows westward between Glacier View Mountain 
and Huckleberry Mountain and then south down a narrow 
relat ively conf ined val ley. This sect ion is character ized 
by a relat ively sinuous channel (1.13 to 1.81, mean = 
1.24) with both al luvial  and bedrock control led reaches. 
The channel is incised into both al luvium and Precambrian 
metasediment.  Al luvial  reaches vary from stable to 
sl ight ly unstable; bedrock control led reaches are stable. 
Channel s ide bars, point bars, and diagonal bars dominate 
sediment accumulat ion. 
On the basis of  the above descr ipt ions, the upper and lower 
sect ions of the North Fork consist  pr imari ly of  stable to sl ight ly un­
stable gravel bed channel reaches, which are incised into the adjacent 
al luvium and glacial  outwash. These reaches appear to be ei ther in 
equi l ibr ium or downcutt ing very slowly. The pr imary evidence for de­
gradat ion in the upper sect ion is the incision of the channel into the 
adjacent al luvium and the relat ively frequent exposures of  Tert iary 
claystone in the bed and meander bends of  the channel.  The same appl ies 
to the incision of the lower sect ion into Precambrian bedrock. 
The central  sect ion of the North Fork consists pr imari ly of  
moderately to highly unstable channel reaches, with frequent braiding 
of the channels which are not as deeply incised into adjacent al luvial  
deposits.  Channel reaches in this sect ion appear to be aggrading. 
Discussion 
The predominate factors control l ing r iver channel patterns and 
stabi l i ty include the magnitude and character ist ics (var iabi l i ty,  size 
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distr ibut ion, etc.)  of  the water/sediment supply,  the erodibi l i ty of 
mater ials through which the r iver f lows, and the slope of the channel 
(part ly determined by the above).  Some general  observat ions may be 
made based on the data presented in Appendix B, Table B1, Figures 9,  
10 and 11, and Appendix A, Plates A1-A14. 
First ,  there appears to be a strong relat ionship between the 
stabi l i ty of a channel reach and i ts proximity to major bank sediment 
sources. For example, of  the total  58,500 f t .  length of major bank 
sediment sources on the North Fork, 43% (25,400 f t . )  occurs within the 
central  16 mi le sect ion (Stat ion 10 through 15) which represents only 
30% of  the total  channel length studied. Local accumulat ions of  sediment 
general ly occur immediately downstream of most major bank sediment 
sources, as may be seen from inspect ion of Plates A1-A14. This obser­
vat ion is in accordance with Church and Jones (1982),  who found that 
the formation of sediment accumulat ion zones in gravel bed r ivers is 
closely associated with a substant ial  local ized supply of  coarse sedi­
ment.  
Second, the central  channel sect ion, which appears to have a long 
history of sediment accumulat ion and aggradat ion, occurs immediately 
upstream of a point where the channel becomes more conf ined in a 
relat ively narrow canyon. The lat ter may serve as a base level for the 
upstream channel creat ing a local deposit ional environment.  Further,  
Tert iary claystones exposed in the cut-bank of meander bends are highly 
cohesive and appear to exert  strong controls on local channel con-
f i  gurat ion. 
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The descr ipt ion of the North Fork presented here is based largely 
on mapping of  the plan form of the channel.  These observat ions provide 
a geomorphic sett ing that character izes the var iabi l i ty of channel 
features and give a perspect ive on the overal l  stabi l i ty of the channel 
network. The lat ter is especial ly important in predict ing channel 
response to watershed modif icat ion. Segments of  a channel network 
exhibi t ing di f fer ing degrees of  channel stabi l i ty wi l l  probably respond 
di f ferent ly to a given degree of  water/sediment load al terat ion. For 
example, a braided channel general ly has less channel capacity and a 
less stable bed and banks than a s ingle thread channel.  Within l imits,  
an increase in the discharge or sediment load of a braided reach 
probably wi l l  cause more channel change than simi lar var iat ions would 
cause in a s ingle thread channel reach. 
The geomorphic perspect ive is also important because given the com­
plexi ty of the f luvial  system, i t  may be d i f f icul t  to def ine cause and 
ef fect relat ionships between channel morphology and watershed scale 
hydrologic processes. For example, inspect ion of old aerial  photo­
graphs, maps and comparison of  longitudinal r iver channel and val ley 
prof i les, indicates that the central ,  relat ively unstable sect ion of 
the North Fork is in large part  a natural  condit ion and not the result  
of  any part icular land use. 
In summary, the North Fork displays varying degrees of  channel 
stabi l i ty and the associated morphologies character ist ic of  each. 
Within the stable and s l ight ly unstable reaches, the channel appears to 
have achieved an equi l ibr ium between water/sediment inf low and outf low. 
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For these reaches, the dominant discharge concept is useful  in 
describing the hydraul ic interrelat ionship between channel morphology 
and the prevai l ing water/sediment supply to the channel network. 
Appl icat ion of the dominant discharge concept in highly unstable 
reaches is quest ionable. 
Analysis of  Channel Pattern and Prof i les 
Introduct ion 
Longitudinal prof i les of most r ivers are concave upward (Davis,  
1902; Gi lbert ,  1914; Shul i ts,  1941; Leopold and Maddock, 1953).  
Relat ively smooth concave longitudinal prof i les are frequent ly c i ted as 
a character ist ic of  equi l ibr ium or graded r ivers (Mackin, 1948; Yatsu, 
1955; Haede, 1975).  Whi le there is disagreement over the relat ive 
importance of  the various factors responsible for the concave prof i le,  
i t  is general ly accepted that as drainage area and discharge increase 
and part ic le size decreases in the downstream direct ion, a progressively 
lower r iver slope is required to transport  the water and sediment suppl ied 
(Gi lbert ,  1914; Leopold, Wolman and Mi l ler,  1964).  
Schumm (1977) and Lee and Henson (1977; 1978) demonstrated the im­
portance of inheri ted slope on the longitudinal prof i le and channel 
pattern of r ivers. They found a strong interrelat ionship between r iver 
sinuosity and val ley slope. Schumm (1977) states that within val leys, 
especial ly those effected by glaciat ion, there are reaches of  val ley 
f loor both steeper and gent ler than the average gradient.  In order to 
maintain a relat ively consistent r iver slope, the r iver course is 
lengthened by meandering on steeper reaches. Lee and Henson (1977; 
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1978), in a study of the Red River,  discovered that changes from a 
non-braided to braided channel pattern were commonly associated with 
a pronounced increase in val ley slope. 
Variat ion in val ley slope may be caused by several  factors. In 
tectonical ly act ive areas, val ley slope may be inf luenced by upl i f t ,  
subsidence or t i l t ing of the val ley. Also, since the slope of the 
al luvial  r iver val ley surface is determined largely by the water and 
sediment discharge history of the drainage, i t  may be expected that val ley 
slope ref lects the paleohydrology of  the basin and may inf luence con­
temporary channel s lope and pattern. 
River and Val ley Prof i les 
To further describe f luvial  geomorphology of  the North Fork and 
invest igate the possible inf luence of inheri ted val ley slope on channel 
pattern, longitudinal prof i les of the val ley and r iver were plot ted for 
comparison with channel s inuosity and geomorphic character ist ics of the 
26 study reaches. A method of  col lect ing data s imi lar to that of  Lee 
and Henson, (1977; 1978) was adopted and is described in detai l  in 
Appendix B. Their  method provides a means of  quant i fy ing val ley and 
r iver slope as wel l  as s inuosity at coincident geomorphic points along 
the r iver and val ley prof i les. Comparisons may then be made to examine 
the importance of  inheri ted condit ions. 
The val ley and r iver prof i les (Fig. 13) show an upward concavity but 
are broken by numerous i r regular i t ies, with the r iver showing the smoother 
prof i le.  The val ley prof i le exhibi ts several  marked convexit ies in the 
vic ini ty of Stat ions 4-9, 12-14, 2-22, and 23-25. At the same locat ions 
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Figure 13. Longitudinal r iver and val ley prof i les, North Fork Flathead r iver.  
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the r iver channel tends to mirror these f luctuat ions but with a much 
less pronounced var iat ion. The steeper sect ions of both r iver and 
val ley prof i les occur in the upper and lower sect ions of the drainage 
represented in Figure 13. 
The long prof i le of the Flathead River from i ts North Fork Canadian 
headwaters to Flathead Lake (Fig. 14) shows the segment of  r iver prof i le 
depicted in detai l  in Figure 13. Variat ions in the prof i le are ob­
scured but the overal l  tendency toward concavity of  the North Fork is 
demonstrated. 
A mechanism possibly responsible for the smoother r iver prof i le is 
the adjustment of  r iver sinuosity.  For example, in the vic ini ty of 
r iver Stat ions 4-9 and 19-23, the r iver course has apparent ly adjusted 
i ts length in order to compensate for f luctuat ion in val ley slope, 
thereby maintaining a reasonably smooth long prof i le.  
This relat ionship is seen more c lear ly in Figure 15, which shows 
the r iver and val ley slopes, s inuosity and meander funct ion for Stat ions 
2 to 27. The values measured at each s i te are representat ive of the 
channel reach immediately preceding the stat ion. For example, the 
r iver slope, val ley slope, and sinuosity shown at Stat ion 2, each repre­
sent the average values for channel reach 1. The channel map inset is 
based on the 1:100,000 scale, U.S. Geological  Survey map of  Glacier 
Nat ional Park and shows only the general  d istr ibut ion of water in the 
channel at  moderate f low. Values at  each stat ion, (Fig. 15) are con­
nected by l ines to aid in visual portrayal of  trends: this is not 
meant to imply a cont inuum of values among the stat ions. In fact,  
Figure 14. Longitudinal r iver prof i le— 
Flathead r iver and North Fork Flathead 
r iver.  
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only the meander funct ion, which is the stat ion by stat ion rat io 
of the horizontal  r iver length from the r iver mouth to the horizontal  
val ley length from the r iver mouth, is a t ruly cont inuous funct ion. 
A considerable amount of  information is given in Figure 15. 
Variat ions in sinuosity are pronounced in the upper and lower sect ions 
of channel (which have values as high as 1.4 to 1.82).  The Central  
Sect ion (Stat ions 10 to 15) a l l  have sinuosit ies below 1.12; a braided 
channel pattern at these stat ions is responsible for the low sinuosity.  
The meander funct ion also shows this.  Because of  the cumulat ive nature 
of the funct ion, var iat ions in sinuosity are accentuated in the region 
of the val ley near the North Fork's conf luence and are dampened with 
increasing val ley distance; this complicates comparison between lower 
and upper channel stat ions. 
The most meaningful  information is given by examinat ion of in­
creasing or decreasing trends in the meander funct ion. An increase 
indicates regions where channel length is increasing faster than val ley 
length and the channel is becoming more sinuous. Conversely,  decreasing 
values of the meander funct ion ref lect a decl ine in the rate of increase 
of r iver length and an overal l  reduct ion in sinuosity.  Thus the 
meander funct ion is relat ively high for Stat ions 2-9, and ranges from 
1.25 to 1.25. At Stat ion 9 a steady decl ine begins which cont inues to 
Stat ions 15 where the funct ion levels of f  at 1.16 and then begins to 
increase reaching 1.2 at Stat ion 20. From here the trend levels and 
the meander funct ion remains a relat ively constant 1.2 
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River and Val ley Slopes 
River and val ley slopes for the channel reaches (Fig. 15) show 
var iat ions as expected from inspect ion of the longitudinal prof i les. 
Val ley slopes f luctuate markedly,  ranging from 0.011 to .001, and are 
greatest in the vic ini ty of Stat ions 24, 21, 16, 13 and 6 to 4. River 
slopes range from .001 to .0055 and usual ly are less than that of  the 
val ley sediments. I t  is tempting to infer that divergence or con­
vergence of  val ley and r iver slopes ref lect areas of  increased erosion 
or f loodplain deposit ion. Whi le this is not necessari ly the case, 
Figure 15 i l lustrates that within the largely braided central  sect ion 
of the North Fork (Stat ions 15 to 10) the r iver and val ley slopes are 
reasonably close. 
At Stat ions 24, 21, 9,  and 5,  increases in sinuosity are clear ly 
associated with increased val ley slope. Simi lar ly,  lower sinuosity 
at  Stat ions 25, 22, 14, 11, 10, 9,  7 and 3 appear to ref lect decreased 
val ley slope. This is seen more c lear ly in Figure 16 which is a scatter 
diagram of sinuosity versus val ley slope. General ly as val ley slope 
increases, so does s inuosity.  However,  there is considerable scatter 
and a wide range of  sinuosity at a given val ley slope. I t  is evident 
that whi le val ley slope has an ef fect on s inuosity,  other factors must 
be considered to more completely explain the var iat ion. 
Di scussi on 
Longitudinal r iver and val ley prof i le of the North Fork from 
Stat ion 1 to 27 are s l ight ly concave upward. Between Stat ions 27-17 
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and 10-2, increases and decreases in val ley slope are associated with 
increases or decreases in sinuosity such that a relat ively smooth r iver 
prof i le is maintained. In the Central  Sect ion of channel (Stat ion 17 
to 10),  the relat ionship between val ley slope and sinuosity is less 
wel l  def ined; this may be due to the complex inf luences of other factors 
such as local imposed base level near Stat ion 9, where the North Fork 
enters a more conf ined val ley, and the local ef fects of bank erosion 
and coarse sediment supply on the channel.  Regardless of  val ley slope, 
i f  the Central  Channel Sect ion is aggrading, then a low sinuosity 
(Table 5) channel is expected. 
In actual i ty,  numerous factors may be responsible for var iat ions in 
channel pattern and prof i le of the North Fork. In addit ion to val ley 
slope, the entrance of t r ibutar ies, size and amount of  sediment suppl ied, 
and the nature of mater ial  through which the r iver f lows al l  may in­
f luence the pattern of the channel.  Because of  this,  i t  is not surpr is ing 
that f luctuat ions in val ley slope do not completely explain the var iat ion 
in sinuosity.  Although no attempt was made to systematical ly quant i fy 
the effect of  the other var iables on channel pattern and slope, based on 
the data, the fol lowing observat ions are possible. 
As shown in Figures 1 and 17, major t r ibutar ies of a general ly 
uniform size join the North Fork at  a surpr is ingly regular interval.  
This results in a relat ively uniform increase in discharge in a down­
stream direct ion with no single tr ibutary contr ibut ing a dominant pro­
port ion of the total  f low. The detai l  given by 40 f t .  contour maps was 
thought to perhaps be insuff ic ient to describe the inf luence of relat ively 
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smal l  t r ibutary streams on the North Fork's prof i le,  so a 1928-32 
prof i le of the r iver,  with f ive foot contours based on f ie ld survey, 
was examined (U.S.G.S.,  1936).  This map shows no consistent var iat ion 
in r iver slope result ing from tr ibutar ies enter ing the channel.  
The mater ial  the North Fork f lows through is predominant ly coarse 
glacial  outwash. In the upper channel sect ion, Tert iary claystones are 
frequent ly exposed in meander bends. The formation is soft  and f r iable 
but contains a high percentage of clay and is very cohesive when wet.  
An example of  i ts inf luence on channel pattern is given by channel reach 
20 (Stat ion 21, Figure 9).  Here the val ley slope and sinuosity are the 
highest recorded, .011 and 1.84, respect ively.  In this very regular 
S-shaped meander, c laystone is exposed in each of  the outside bends 
(see Plate A12, Appendix A),  exert ing a strong control  on the channel 
pattern. Simi lar ly within the lower sect ion of North Fork (below 
Stat ion 9),  Precambrian metasediments and the conf ined nature of the 
val ley exert  a strong inf luence on channel pattern. Between Stat ions 3 
to 9,  the narrow val ley largely dictates the pattern of the channel.  
Several  studies (Schumm, 1977; Lee and Henson, 1977; 1978) have 
demonstrated a relat ionship between channel braiding and high val ley 
slopes. Schumm (1977) indicates that in many instances as val ley slope 
increases, channel pattern changes from straight to meandering and then 
to braided. Apparent ly up to a point increased sinuosity compensates 
for the higher val ley slope. Above a certain val ley slope, a geo-
morphic threshold is passed and the channel becomes braided. Data for 
the North Fork do not indicate a s imi lar val ley slope threshold for the 
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North Fork. As seen in Figure 15, the braided channel reaches of  the 
Central  Sect ion occur for a range of val ley slopes and at  Stat ion 21 
the highest val ley slope is associated with a meandering channel.  
Factors other than val ley slope are responsible for braided sect ions 
of  the North Fork; local ly derived sediment from major bank sources 
appears to be an important var iable associated with the braiding. 
Channel Monitor ing 
Vigi l  Network 
Data on stream f low and channel geometry are rout inely col lected by 
the U. S. Geological  Survey at  two gaging stat ions on the North Fork - -
the North Fork at  Br i t ish Columbia (12-3550) and the North Fork near 
Columbia Fal ls (12-3500).  The former stat ion is located in al luvium 
and the channel is largely sel f- formed. The lat ter is located on a 
bedrock-conf ined reach and provides excel lent streamflow records, but 
is of l imited use in the study of al luvial  r iver response. 
To supplement exist ing channel geometry monitor ing stat ions, 11 
sel f- formed channel reaches ( f ive mainstem, s ix tr ibutary) were selected 
for detai led survey and descript ion of hydraul ic and bed-sediment 
character ist ics (Fig. 17).  Measurements at  each s i te were made fol lowing 
guidel ines for the establ ishment of  U. S. Geological  Survey Vigi l  
Network s i te (Leopold and Emmett,  1965; Emmett and Hadley, 1968).  
At each s i te,  detai led channel surveys referenced to recoverable bench­
marks provide the framework for long-term monitor ing of channel changes. 
Si te photography, bed-sediment s ize distr ibut ions, and vegetat ion tran­
sects further describe the si tes. 
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Figure 17. Upper North Fork Flathead r iver basin. Map 
showing locat ion of VIGIL s i tes. 
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The complete data col lected for the si tes wi l l  be submitted to the 
Vigi l  Network Depository,  Library, U. S. Geological  Survey, Washington, 
D.C.,  20242. Data for Vigi l  Si te 1, the North Fork at  the Canadian 
Border,  is presented in Appendix C as an example of  the measurements 
made at  the VIGIL s i tes. 
Long-Term Monitor ing of Channel Changes 
The Vigi l  network s i tes provide the basis for evaluat ion of future 
changes in channel character ist ics for representat ive reaches of  the 
North Fork and selected tr ibutary streams. Periodic re-surveys of 
channel geometry and vegetat ion transects can provide information on 
the nature of  channel and vegetat ion changes over t ime. 
For example, Vigi l  s i tes 1, 2,  3 and 4 were surveyed in i t ia l ly in 
August and September of  1975. The s i tes were re-surveyed in September 
of  1976. Results of  the survey indicate almost no channel change at  
Sites 1, 3 and 4, with minor changes at  Si te 2. More recent (1977, 
1979, 1981) surveys of  Sites 1 and 2 indicate that Si te 1 is very stable 
showing only smal l  changes over the 6-year period. Si te 2, which is 
representat ive of a channel reach enlarged by the June, 1964 f lood, 
appears to be slowly re-adjust ing to a channel of  shape and size simi lar 
to what existed before the f low. The Vigi l  s i te cross-sect ions, vege­
tat ion transects, bed-mater ial  s ize distr ibut ions, photographs, and 
f luvial  geomorphic maps provide a basel ine al lowing quant i f icat ion of 
future channel changes. 
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Hydraul ic Geometry 
Introduct ion 
The al luvial  channel cont inuously adjusts morphology and f low 
character ist ics to accommodate the transport  of  water and sediment 
suppl ied by i ts watershed. Because the channel is formed of and by 
the water/sediment mixture i t  transports,  f luctuat ions in the water/  
sediment supply to the channel result  in variat ions in channel dimensions 
and hydraul ic character ist ics (pr imari ly width, depth, veloci ty,  slope 
and roughness).  Consistencies in the manner of  adjustment of  al luvial  
channels to varying water discharge were f i rst  made evident by Leopold 
and Maddock (1953).  They demonstrated that var iat ions of channel width, 
depth and veloci ty of  f low at a given stat ion or along a part icular 
r iver may be expressed as power funct ions of discharge of  the form: 
W = aQ b Where W = width of f low 
D = cQ f  D = mean depth of  f low 
V = kQ1  V = mean veloci ty of  f low 
cont inui ty states, Q = WDV 
and 
( a )(c)(k) = 1 
b + f  + m = 1 
These hydraul ic relat ions were found to hold for both var iat ions at a 
given r iver cross sect ion (at-a-stat ion) and in a downstream direct ion 
at a constant frequency of f low (Leopold and Maddock, 1953).  In addit ion, 
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a remarkable consistency was found among the exponents of  both the 
at-a-stat ion and downstream hydraul ic geometry relat ionships for 
r ivers draining regions of s imi lar cl imate and physiography (Leopold, 
Wolman and Mi l ler,  1964).  Subsequent invest igat ions have shown that 
consistencies in the exponents are general ly l imited to r ivers of given 
watershed and that even within regions of s imi lar cl imate and physiography, 
considerable var iat ion among exponents may occur (Park, 1977; Rhodes, 
1978; Wil l iams, 1978).  
The hydraul ic geometry relat ions for r ivers draining a watershed are 
empir ical  expressions of  the adjustment of  stream variables to the 
magnitude and frequency of  water and sediment loads imposed. At-a-
stat ion relat ions def ine the mutual adjustment among width, depth, and 
veloci ty of  f low as discharge increases at a r iver cross-sect ion„ Down­
stream relat ions def ine the changes in stream variables at a constant 
f low frequency as discharge and drainage area increase downstream. 
Together they provide a quant i tat ive framework for both describing 
exist ing channel morphology and hydraul ics and predict ing changes in 
stream variables as the result  of  al ter ing the water/sediment discharge 
supply from the watershed to the r iver channel.  
The hydraul ic geometry relat ions for the North Fork Flathead River 
were determined using the procedures described by Leopold and Maddock 
(1953),  Leopold and Skibi tzke (1967) and Wil l iams (1978).  Downstream 
hydraul ic geometry relat ions were developed from channel geometry and 
bed sediment data col lected as part  of  the Vigi l  network survey. At-a-
stat ion relat ions were calculated from gaging stat ion f ie ld notes for the 
joint  U. S. Geological  Survey/Canadian Water Survey stat ion (12-3550).  
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Downstream Hydraul ic Geometry 
The downstream hydraul ic geometry equat ions describe how channel 
width, depth and veloci ty vary as discharge and drainage area increase 
downstream. In order to al low val id comparison among s i tes of pro­
gressively larger drainage area and establ ish the relat ionships, a 
reference discharge of constant frequency must be used in the analysis.  
For s i tes with at least a 10-year per iod of streamflow records, annual 
f lood frequency curves may be establ ished and a part icular recurrence-
interval,  f lood magnitude selected for comparison. For example, using 
the 2-year recurrence interval f loods at each s i te (al though of di f ferent 
f low magnitudes) provides f lows of constant frequency of  occurrence. 
In the North Fork drainage where only two long-term gaged s i tes 
exist ,  i t  is necessary to establ ish the constant frequency reference dis-
charge by other means. Two commonly used methods include: 1) the 
transposit ion of f lood frequency data from gaged to ungaged s i tes using 
a regional relat ionship (Brush, 1961);  and 2) the determinat ion of the 
channels bankful l  discharge ( the f low at which water just overf lows the 
act ive f loodplain or bank top) which several  invest igators (Leopold, 
Wolman and Mi l ler,  1964; Bray, 1972; Emmett,  1975; Andrews, 1980) have 
found to be correlat ive to the channels dominant discharge ( the discharge 
which is most ef fect ive at shaping and maintaining average geometry and 
hydraul ic character ist ics of the channel) .  Commonly the 1.5 to 2 year 
f lood has been c i ted as the dominant or bankful l  discharge for gravel-
bed r ivers draining watersheds s imi lar to the North Fork (Emmett,  1972 ;  
Bray, 1972; Emmett,  1975).  
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Thus, determinat ion of bankful l  stage at gaged s i tes is based on 
the premise that the f low's imprint on the channel is consistent ly 
expressed and systematical ly ident i f iable using various botanic and 
geomorphic evidence. Normal ly,  bankful l  stage corresponds with the 
elevat ion of the f lat  act ive f loodplain area adjacent to the channel 
(Wil l iams, 1978).  In the North Fork drainage, this is not the case. 
Because the channel is somewhat incised and post-glacial  terraces fre­
quent ly impinge upon the channel,  the dominant discharge does not usual ly 
coincide with the top-of-bank stage normal ly taken as bankful l .  This 
compl icates the est imation of bankful l  or dominant discharge at s i tes 
along the North Fork. 
Three methods were used in est imating bankful l  discharge for each 
of  the 11 Vigi l  s i tes. The f i rst  method assumes that bankful l  at  each 
s i te is equivalent to the 1.5 year recurrence interval f lood (annual 
maximum ser ies) with a regional relat ionship between drainage area and 
the 1.5 year f lood being used to transpose f lood frequency data to un­
gaged s i tes. The second method is based on channel geometry surveys and 
f ie ld est imation of bankful l  stage which was then translated to discharge 
using the Manning equat ion (slope/area method).  Last ly,  bankful l  was 
est imated using a regression relat ionship developed by Wil l iams (1978) 
which relates bankful l  discharge to channel s lope and cross-sect ional area. 
Detai ls of  the methods, basic data, and a comparison of  bankful l  
est imates using the di f ferent procedures are given in Appendix D. The 
channel geometry -  Manning equat ion method was selected as the most 
rel iable and was used to develop downstream hydraul ic relat ions for the 
North Fork. 
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Downstream Hydraul ic Relat ions 
The downstream hydraul ic relat ions (Fig. 18) were determined by 
plot t ing bankful l  width, depth and veloci ty versus bankful l  discharge 
on double logarimithic paper.  Best f i t  l ines to the data were determined 
by eye as has been suggested by Dunne and Leopold (1978).  The result ing 
downstream hydraul ic equat ions are: 
w  =  2 . 1  Q b - 5 2  
d = .17 Qb '3 9  
v = 3.0 Qb '0 9  
The relat ionships are biased toward straight gravel bed channel reaches 
and point scatter character ist ic of  downstream plots is evident.  None­
theless, the coeff ic ients and exponents of  the equat ions are typical  of  
r ivers draining humid cl imates and correspond wel l  with those reported by 
other invest igators (Table 7).  
In the North Fork drainage, downstream increases in discharge are 
accommodated by increases in channel width, depth and veloci ty;  the down­
stream hydraul ic exponents indicate that increases in width absorb 52% 
of  the increase in discharge, depth absorbs 39% and veloci ty absorbs 9%. 
The fact that the width exponent b ( .52) is larger than the depth exponent 
f  ( .39) means that width increases more rapidly than depth in a downstream 
direct ion and thus the channel width/depth rat io increases. This is 
evident from Appendix D, Table D1 ,  which indicates an increase in width/ 
depth rat io from 18 for Ford Creek (Stat ion 1) to 51 for the North Fork 
near Camas Creek (Stat ion 11).  
Figure 18. North Fork Flathead River  Downstream Hydraul ic  Geometry 
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Table 7. 
Summary of  reported downstream hydraul ic geometry values 
I n v e s t i q a t o r ( s )  
L e o p o l d  a n d  M a d d o c k  ( 1 9 5 3 )  
S t a l l  a n d  F o k  ( 1 9 6 8 )  
C a r l s t o n  ( 1 9 6 9 )  
B r a y  ( 1 9 7 2 )  
E m m e t t  ( 1 9 7 2 )  
E m m e t t  ( 1 9 7 5 )  
L o w h a m  ( 1 9 8 2 )  
L e o p o l d  a n d  L a n g b e i n  ( l % 2 )  
Smith (1974) 
Width  
w «  aQ*  
w  *  4 . 7 8 Q  
w 3  aQ'^ 
w  =  2 . 3 8 Q 2  
. 4 8  
. 5 2 7  
w  =  2 . 3 9 Q .  
w  =  1 . 3 7 Q .  
w =  1 .15P  
. 5 0  
. 5 4  
. 6 1  
w  =  a Q  . 5 5  
w  -  a Q  
.6 
D e p t h  
d  =  c Q "  
Veloc\ty 
. 3 6  
d  =  . 4 4 Q  
^ n-383 d  =  c Q  
d  =  . 2 6 6 Q  
. 3 3 3  
d  =  . 2 6 Q ,  
2 
. 3 5  
3 4  
d  -  . 2 S r V J  
d = 35 f  
, .30 
d  -  c Q  
d  -  c O  
. 3  
v  *  kQ 
I  
.16 
v  =  . 7 2 Q  
v = k Q ' 1 5 5  
v  =  1 . 5 8 Q  
v = 1.620j 
v  =  2 . 8 8 Q .  
. 1 4  
. 1 5  
. 1 2  
V  :  2 . 4 8 P  
. 0 9  
2 
v  =  k Q  
0 9  
v  =  k Q '  
C o m m e n t  
E x p o n e n t s  b a s e d  o n  a v e r a g e  
v a l u e s  f o r  m i d - w e s t e r n  
s t r e a m s ;  Q  =  m e a n  a n n u a l  
d i s c h a r g e  
F r o m  1 8  I l l i n o i s  r i v e r  b a s i n s  
Q  =  1 0 %  e x c e e d a n c e  f l o w  
4 8  s t a t i o n s  i n  t h e  Y e l l o w -
s t o n e  R i v e r  B a s i n  
7 0  s t a t i o n s ,  A l b e r t a  g r a v e l  
b e d  r i v e r s ;  Q «  =  2  y e a r  f l o o d ,  
a n n u a l  s e r i e s  
2 2  s t a t i o n s ,  A l a s k a n  g r a v e l  
b e d  r i v e r s ;  Q .  =  b a n k f u l l  
f l o w  o r  1 . 5  y e a r  f l o o d ,  
a n n u a l  s e r i e s  
3 9  s t a t i o n s ,  u p p e r  S a l m o n  
R i v e r ,  I d . ,  ( L  =  b a n k f u l 1  
f l o w  o r  1 . 5  y e a r  f l o o d ,  
a n n u a l  s e r i e s  
5 1  s t a t i o n s ,  G r e e n  R i v e r  
B a s  i n ,  W y o .  ,  P 7  =  2  y e a r  
f l o o d ,  a n n u a l  S e r i e s  
D e r i  v e i l  f r o m  m i n i  m u n i  
v a r i a n c e  t h e o r y  
D e r i v e d  t o r  s t e o d y -
Sta te  channe ls  f rom 
Conserva t ion  and  S i 'd  I  nrn t  
t ranspor t  laws  
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Downstream hydraul ic relat ions for the North Fork provide an 
empir ical  descr ipt ion of how the channels have adjusted to the prevai l ing 
supply of  water and sediment.  They may also be used to predict  channel 
response to natural  or man-caused al terat ions of streamflow. An addit ional 
method of  portraying the hydraul ic geometry data (dimensionless bankful l  
hydraul ic geometry relat ions) has been developed by Parker (1978) and 
is presented in the next sect ion. 
Dimensionless Downstream Hydraul ic Geometry 
The downstream hydraul ic geometry data given in Appendix D, Table D1, 
may also be portrayed in a dimensionless format.  This is useful  because 
dimensioned plots of the data (Fig. 18) distr ibute the data according 
to an absolute scale and make comparison between di f ferent watersheds 
di f f icul t .  Parker and Anderson (1977) and Parker (1978) have introduced 
a dimensionless format for present ing the downstream hydraul ic geometry 
of  gravel-bed r ivers. 
The dimensionless groupings are as fol lows: 
H 
D 50 
;  S ;  
7RgD50D502  
Where a l l  values are for bankful l  or dominant condit ions and, 
7 3  
B = water surface width 
H = mean water depth 
S = water surface slope 
D50 = median diameter of surf icial  gravel bed pavement 
Q = water discharge 
R = submerged specif ic gravity of sediment 
(assumed to be 1.65) 
g = gravitat ional accelerat ion 
B* = dimensionless width 
H* = dimensionless depth 
Q = dimensionless water discharge 
Plots of B*, H* and S versus Q are shown in Figure 19, 20, and 21. 
The data shown represent the North Fork (+), Bit terroot (o) and other 
r ivers from the Northern Rocky mountains (•)• Al l  stat ions represent 
single channel,  gravel-bed r ivers with D^ q 'S general ly greater than 
20 mm. and col lect ively ref lect a wide range of bankful l  condit ions for 
channel reaches of varying size. Regression equations for the plots 
are given in Table 8. 
The relat ions show considerable overlap between stat ions of varying 
dimensioned scale and indicate that the mechanics of the channels are 
similar.  Indeed i f  B*, H*. S and Q are identical for two streams, then the 
mechanics of the streams are basical ly the same and the one stream models 
the other (Parker, 1978). As indicated by the exponents of the dimension­
less relat ions, the North Fork data show a sl ight ly greater rate of 
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Table 8. 
Dimensionless downstream hydraul ic equations 
Data Set Width (B*) 
A North Fork B* = 2.88 Q* 
554 .  r2 .  .956 
B Bi t terroot 4.56 Q* 
519 .986 
C Northern Rocky Mtns. 
(Al l  stat ions) 
3.29 Q* 523 .965 
D Parker (1978) 4.4 Q* 
Depth (H*) 
5 
A H* = .475 Q' 
3 6 9  ;  r2  = = .958 
B .588 Q* 
371 .981 
C .497 Q' 
369 .953 
D .253 Q* 
Slope (s) 
415 
A S =•.444 Q" 
• .481. f2 .  = .721 
B .360 Q" 
- .545. .974 
C .267 Q" 
- .439. .844 
D .223 Q" 
- .410. 
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increase in depth, smaller rate of increase in width and equivalent 
decrease in slope with increasing bankful l  discharge, than the data for 
al l  stat ions. Overal l ,  the manner of adjustment of the al luvial channels 
to the downstream increase in the bankful l  water and sediment discharge 
is remarkably similar.  
Recent research examining relat ionships between the morphology of 
gravel-bed r ivers and bed-sediment transport has developed important 
insights into the processes responsible for shaping the channels 
(Andrews, 1983). Typical ly, i t  is found that the dimensionless bed 
shear stress given by the Shields Relat ionship: 
• 
T = ds 
Where: 
* 
T = dimensionless shear stress 
d = mean f low depth 
s = si  ope of water surface 
R = submerged specif ic gravity of sediment 
D5 0  = median part icle diameter 
• 
normally exceeds the cr i t ical shear stress (T ) required for sediment 
transport only by a small  amount at bankful l  stage. Using the cr i t ical 
value of .03 as suggested by Nei l  (1967) for determining the threshold 
of motion, i t  has been suggested by Parker (1978 ) that for a wide 
• • 
variety of gravel-bed r ivers. T at bankful l  exceeds Tc r  by roughly 
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20% which corresponds to a low but morphological ly signif icant rate of 
sediment transport al lowing the formation of stable non-eroding channel 
banks. Parker (1978 ) attaches special signif icance to the latter 
observation since i t  provides a basis for developing regime equations 
which describe a gravel-bed channel with an act ive bed but stable banks. 
Within act ive gravel-bed r ivers the bed-material  normally is capped 
by a coarser layer termed the pavement. I f  the pavement layer is 
appreciably coarser than the sub-pavement material  beneath, then the 
channel is armored. The latter process commonly occurs in channel reaches 
where there is a def ici t  in the sediment supply: select ive removal of 
f ine material  from the channel bed results in a progressively coarser bed 
which in extreme cases becomes erosion resistant and protects the material  
beneath from transport.  
General ly the pavement D^q in act ive gravel-bed r iver is about 2 to 
3 t imes the D^q  of the sub-material .  This al lows for mobil i ty of the 
pavement at dominant discharge and interact ion between the two layers, 
which results in the f iner material  beneath the pavement being avai lable 
for transport as bedload. The pavement layer contains coarser part icles 
in larger quanti t ies, which are intr insical ly less mobile than the f iner 
sub-material .  Parker et.  al .  (1982) hypothesized that the increased 
avai labi l i ty of coarse pavement part icles for transport compensates for 
their decreased mobil i ty and results in the near equal mobi l i ty of 
pavement and sub-pavement materials, in spite of the size dif ference. 
A consequence of this is that the size distr ibut ion of transport bed-
load in gravel-bed r ivers should approximate that of the sub-pavement. 
80 
Model experiments on act ive paved gravel-bed streams and f ield evidence 
support the theory (Parker et.  al .  ,  1982). 
Apparently, the pavement layer is preserved even at relat ively 
high f lows which are capable of moving al l  avai lable grain sizes. Since 
• 
the ambient shear stress (T )  at bankful l  condit ions is relat ively low, 
motion of bed-material  is sporadic, and although al l  grain sizes are 
in motion, a small  percentage of the surf icial  grains of a given size 
actual ly move at a given moment. Most surface grains remain in place 
as pavement and the bedload and pavement grains interchange on a sporadic 
basis (Parker and Kl ingeman, 1982). Based on model studies and l imited 
f ield data Parker and Kl ingeman (1982) have demonstrated that the pave­
ment in gravel-bed streams serves as a regulatory mechanism which al lows 
the stream to transport to coarse and f ine fract ions of the bedload 
supply at nearly equal rates. 
Most reaches of North Fork Flathead were observed to have a pave­
ment layer with a f iner sub-pavement layer beneath. In some instances, 
normally near r i f f les or control sect ions, the pavement layer has a high 
percentage of boulders and the bed of the channel appears armored in the 
• 
stat ic sense. Shields stress (T )  was calculated for the eleven North 
Fork Stat ions (Table 9).  Tributary stat ions general ly have higher values 
at bankful l  than the main channel stat ions. Of the latter,  the North 
Fork at B.C. has the highest value. Values typical ly reported for gravel-
bed r ivers at bankful l  are in the range of .03 to .05 (Bray, 1971; 
Parker, 1978 ;  Andrews, 1983). The relat ively high value, .063, for 
the North Fork at B.C., may ref lect a part ial ly armored bed. 
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Table 9. 
Shields Shear Stress at Bankful l  
for North Fork Stat ions 
STATION SHIELDS STRESS 
1. Ford Cr. .073 
2. Colts Cr. .09 
3. Akokala Cr. .03 
4. Red Meadow Cr. .066 
5. Trai l  Cr. .055 
6. Whale Cr. .062 
7. North Fork at B.C. .063 
8. North Fork at Ford STA .021 
9. North Fork ar Round Pr. .031 
10. North Fork at River C.G. .044 
11. North Fork at Camus Cr. .038 
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Dimensionless downstream hydraul ic geometry relat ions for the 
North Fork stat ions closely resemble to those of other coarse gravel -
bed r ivers. This suggests that the downstream adjustment of the 
channels to increased bankful l  water and sediment discharge occurs in 
a similar fashion and that the processes responsible for downstream 
adjustments are common among the streams. 
At-A-Stat ion Hydraul ic Geometry 
The Canadian Border stat ion is the only al luvial channel reach with 
long-term continuous streamflow measurements on the North Fork. Because 
the reach is similar to many of the stable channel reaches on the North 
Fork and has a continuous streamflow record from 1928 to present, detai led 
examination of changes in at-a-stat ion hydraul ic geometry over t ime 
provides insights into the stabi l i ty and range of variat ion in channel 
width, depth and velocity for a stable channel reach. 
The at-a-stat ion hydraul ic geometry relat ions for the North Fork at 
the Canadian Border were determined by plott ing width, mean depth, and 
mean velocity as a funct ion of discharge on double logari thmic paper; 
l ines were f i t  to the data by eye and the appropriate exponents and co­
eff ic ients were determined. Emphasis was placed on data for discharges 
exceeding 1000 cfs; below that f low measurements are obtained by wading 
a di f ferent channel reach than that represented by the gaging stat ion 
cable-way. 
Variat ions Over Time 
The at-a-stat ion relat ions were determined for the period of record, 
1928-1978. Five-year averages of the relat ions indicate that over the 
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50-year period of record, f luctuations have occurred in width, depth 
and velocity values for a given discharge. Using 6000 cfs (the 1.5 
year recurrence interval peak f low) as an approximate reference dis­
charge, the total range of variat ion over the 50-year period is 
est imated to be 149 to 210 feet in width, 3.8 to 6.2 feet in depth and 6.8 
to 8 feet/second in velocity. These variat ions represent f luctuations 
about mean values of width, depth and velocity and are summarized in 
Table 10. As indicated, channel width reached a maximum of 210 feet in 
1933-37, decreased to 149 feet in 1943-46, increased progressively back 
to 210 feet by 1971-74, then decreased to 190 feet in 1975-78. Channel 
width increases are accompanied by decreases in mean channel depth and 
sl ight increases in velocity. 
The data show a tendency for cycl ical increases and decreases in 
channel width, depth and velocity, probably due to the periodic occurrence 
of intense run-off  which generates high peak f lows and a greater sedi­
ment inf lux. Peak f lows for the period of record are shown in Figure 5. 
The two largest f loods of record occurred in 1948 and 1964; based on 
analysis of annual peak f lows for the stat ion, these f loods were 25 to 
50-year f loods (annual maximum series), respectively. One possible 
cause for the f luctuation in hydraul ic variables is that the larger 
f loods of record are responsible for short-term channel modif icat ions 
result ing in a wider, shal lower channel for several years fol lowing the 
f loods; channel modif icat ions would occur through a combination of bank 
and bed erosion or deposit ion. Use of di f ferent channel sect ions (pole-
bridge vs. cableway) may cause some of the hydraul ic variat ion. How­
ever, the si tes are close and the bridge did not constrain channel width. 
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Table 10. 
Variat ions in Width, Depth and Velocity 
at a reference discharge of 6,000 cfs for 
the North Fork at the Canadian Border. 
Maximum 
Peak 
Flow Period of Width Depth Velocity Discharge 
|cfs) Record ( feet) ( feet) ( f t /sec) (cfs) 
8,000 1928-32 175 5.8 6.8 6902* 
1932) 
0,500 1933-37 210 4.0 7.2 6048* 
1933) 
8,900 1938-42 170 6.1 7.0 7259 
1938) 
7,900 1945-46 149 6.2 6.8 6281* 
1946) 
1964) 
• 
4,600 1947-51 172 5.2 7.0 6261* 
1948) 
3,100 1952-56 180 4.6 7.3 6044* 
1956) 
6,300 1962-66 190 4.5 7.5 6413** 
9,600 1967-70 205 3.8 7.5 5843 
1 967) 
1 ,500 1971-74 210 4.1 8.0 6888** 
1972) 
12,900 1975-78 190 4J 7J3 6224** 
Mean 185 4.9 7.3 6617 
^measurement from bridge 
**measurement from cableway 100ft.  downstream 
from bridge 
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Andrews (1982) has reported that channel width adjustment in the 
East Fork River, Wyoming, is one of the dominant mechanisms by which 
the r iver adjusts f luctuation in water and sediment supply. Through 
repeated frequent surveys of 8 channel sect ions he found that:  
Those cross-sections narrower than the mean reach 
width tended to accumulate sediment ( f i l l )  at dis­
charges less than bankful l  and lose sediment (scour) 
at discharges greater than bankful l .  Conversely, 
cross-sections wider than the mean reach width 
tended to lose sediment at discharges less than 
bankful l  and to accumulate sediment at discharges 
greater than bankful l .  Most importantly, sediment 
was not scoured and f i l led evenly across the channel.  
Rather, the deplet ion and accumulat ion of sediment 
in a cross-section tended to be concentrated in the 
near-bank parts of the channel.  Bank stabi l i ty,  
and thus retreat, depended signif icantly on whether 
sediment was deposited against or eroded from the 
base of the banks at discharges greater than bankful l .  
The mean width of the cable way channel sect ion (Table 10) bankful l  
over the period of record is 185 feet,  and about 190 feet over the 1975-
78 t ime period. Compared with the mean bankful l  channel width of the reach, 
168 feet,  the cableway-section is about 10% wider. Although the stream 
gaging measurements upon which the at-a-stat ion relat ions are based are 
too infrequent to permit precise descript ion of channel scour and f i l l ,  
i t  appears that channel width adjustment through f i l l  at discharges 
greater than bankful l  and scour at discharges less than bankful l  is the 
dominant mechanism for channel width adjustment. When the upstream 
sediment supply exceeds the local sediment transport capacity, the excess 
sediment is deposited primari ly along the banks. I f  the sediment supply 
is less than the local transport rate, sediment is primari ly bank derived. 
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At-A-Stat ion Exponents 
Exponents of the relat ions over the 50-year period are given in 
Table 11. The exponents are the slopes of the l ines in the double log 
plots and represent the relat ive amounts of change in width, depth and 
velocity as discharge increases at the cross-section. The average values 
over the period are b = .14, f  = .40, m = .46. This indicates that as 
discharge increases at the stat ion, width increases 14%, depth 40%, 
and velocity 46%. 
While the North Fork exponents represent a single channel reach 
over an extended period of t ime, the values are fair ly typical when 
compared with exponents for other al luvial drainages and channel reaches. 
At-a-stat ion relat ions for other dominantly al luvial r iver channels are 
given in Table 12. Data for the upper Salmon, Bit terroot, Kootenai 
and Fisher Rivers are representat ive of gravel-bed r ivers. 
Sediment Yield of the North Fork 
Introduction 
The sediment load of the North Fork is the result  of the erosion 
and transport of rock weathering products from the drainage basin. 
Cl imate, vegetat ion, topography, geology, soi l  type and land use are 
the most important variables inf luencing the sediment y ield from an 
area (Gregory and Wall ing, 1973). Within a drainage basin, sediment 
yields (measured as tons/mi ) commonly exhibit  both spatial  and temporal 
variat ion as the result  di f ferences in the above parameters. Sediment 
yields from a drainage basin are normally determined from direct measure­
ment of r iver sediment loads and by predict ive equations. 
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Table 11. 
At-A-Stat ion 
North Fork at 
Hydraul i  c 
Canadi an 
Exponents 
Border 
for 
Period Years b f  m Sum 
1 1928-32 .125 .383 .504 1 .01 
2 1933-37 .111 .413 .484 1 .01 
3 1938-42 .178 .452 .461 1 .09 
4 1943-46 .122 .490 .365 0.98 
5 1947-51 .100 .364 .545 1 .01 
6 1952-56 .097 .513 .416 1 .03 
7 1962-66 .090 .450 .480 1 .02 
8 1967-70 .178 .281 .532 0.99 
9 1971-74 .170 .329 .488 0.99 
10 1975-78 .250 .287 .397 0.93 
Mean .142 .396 .467 1 .01 
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Table 12. 
At-a-stat ion hydraul ic geometry 
exponents for al luvial channels 
River Stat ion b f  m 
North Fork 
Flathead at 
B. C. 12-3550 .14 .40 .46 
Upper Salmon^ 
River, Id. 
Mean of 
39 Stat ions .14 .40 .48 
Bi t terroot^3  
River, MT. 
Mean of 
8 Stat ions .11 .41 .48 
p i_ 
Kootenai River 
at Libby, MT. 12-3030 .08 .54 .39 
2 b Fisher River 
near Libby, MT. 12-3030.55 .11 .42 .47 
3 Green River 
Basin, Wyo. 
Mean of 
11 Stat ions .16 .38 .44 
158 U. S.4  
Ri vers .12 .45 .43 
165 self- formed^ 
channel sect ions .22 .42 .37 
1. Emmett,  1975 
2a. Cart ier,  wri t ten communication, 1982 
2b. Cart ier,  1981 
3. Dunne and Leopold, 1978 
4. L e o p o l d ,  Wolman and Mil ler,  1964 
5. Wil l iams, 1978 
The North Fork's sediment load consists of suspended load, f ine 
sediment transported in suspension by the f low, and bedload, which is 
coarser sediment that moves by saltat ion and rol l ing along the bed of 
the channel.  Because of the problems inherent in making a grain size 
dist inct ion between the two, investigators commonly refer to sediment 
f iner than 0.0625 m in diameter as the wash load and coarser material  
as the bed-material  load. The wash load consists of f ine si l t  and clay 
which is general ly transportable in suspension by most r iver f lows, and 
thus does not occur to an appreciable degree in the bed sediment of the 
r iver. The bed-material  load consists of sediment sizes which are found 
in substantial  amounts in the bed of the channel.  Together, the wash 
load and bed-material  load comprise the total sediment load of r ivers. 
Of the two modes of transport,  the suspended-sediment load is readi ly 
measured. The bedload is both very expensive and di f f icult  to accurately 
measure in coarse-bedded r ivers. Normally, bedload (or bed-material  
discharge) is computed using one or several of the avai lable transport fo 
mulas which relate the hydraul ic and bed-sediment characterist ics of a 
channel reach to i ts bedload transport rate (Vanoni,  1975). 
Mean annual suspended-sediment yields for the two North Fork gaging 
stat ions were determined using the streamflow-durat ion, sediment-
transport-curve method developed by Mil ler (1951) and suspended-sediment 
data col lected by the U. S. Geological Survey (Knapton, 1978). The mean 
annual total load for the North Fork at B. C. was est imated by cal­
culat ing the bedload discharge and adding i t  to the suspended load (see 
Appendix E for detai ls of the method). Non-al luvial characterist ics 
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of the North Fork near Columbia Fal ls precluded a total load est imate 
for that stat ion. 
Suspended Sediment Load 
Mean-annual suspended loads for the North Fork increase from 
132,300 tons/year at the Canadian Border to 277,500 tons/year at the 
stat ion near Columbia Fal ls (Table 13). On a unit  drainage area basis 
2 suspended loads decrease in a downstream direct ion from 310 tons/mi /  
2 year to 179 tons/mi /year for the same respective locations. On a 
o 
sediment contr ibut ing basis, the upper drainage area (427 mi )  suppl ies 
132,300 tons/year. This amount subtracted from the 277,500 tons/year 
yield for the North Fork near Columbia Fal ls and divided by the drainage 
2 2 area between the stat ions, 1121 mi ,  gives a yield of 129 tons/mi for 
the sediment contr ibut ing interval between the two stat ions. This in­
verse sediment y ield drainage area relat ionship has been found in 
numerous other r iver basins (Vanoni,  1977). 
Table 13. 
Mean Annual Suspended-Sediment Load for the 
North Fork at B.C. and near Columbia Fal ls 
Stat ion 
Mean Annual Suspended Load 
2 
Tons/year Tons/mi 
North Fork 
at B.C. 132,300 310 
North Fork near 
Columbia Fal ls 277,500 179 
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The inverse relat ionship occurs because general ly, smaller drainages 
produce more sediment than larger drainages since they have steeper 
hi l l  and channel slopes, greater precipitat ion intensit ies and less 
abi l i ty to store f ine sediment. Thus, as drainage area increases sedi­
ment y ield per unit  area decreases. 
Compared with other avai lable est imates for drainages in the region 
(Table 14) the est imated mean-annual suspended-sediment loads 
for the North Fork are within the range reported for similar drainages. 
Cart ier (1981) developed a regression relat ionship between drainage area 
and mean-annual loads for seven stat ions in the Kootenai River basin 
2 ranging in size from 8.5 to 13,400 mi ,  and six stat ions in the Bit terroot 
2 2 River drainage with areas from 25 mi to 2300 mi :  
1 42 mean-annual suspended load (tons) = 4.3 (area) '  
which may also be wri t ten in terms of unit  area yield as, 
mean-annual suspended load (tons/mi^/yr) = 5.1 (A) '4^ 
These relat ions show that within the Kootenai and Bit terroot River basins, 
suspended-sediment loads increase with drainage area defying the con­
ventional wisdom. Using the latter equation results in unit  yields of 
2 2 58 tons/mi /yr and 96 tons/mi /yr for the respective upstream and down­
stream North Fork stat ions. The low predict ions given indicate that,  
compared with the Kootenai and Bit terroot Basins, the North Fork drainage 
yields about f ive t imes the amount of sediment for a drainage area of 
? 2 
427 mi and about 2 t imes as much for an area of 1548 mi .  Thus, whi le 
Table 14. 
Selected suspended-sediment loads of r ivers in the Rocky Mountain region 
Region or  Drainage 
Columbia River  Basin ?  
(Drainage less than 100 mi  )  
Lower Colorado River  
United States 
Arrow Rock Reservoi r  
(Boise,  Idaho) 
Southern Alber ta 
Alber ta 
Upper Salmon River  
( Idaho) 
F1sher River  nea r  
L i bby ,  Mon tana  
(J  11  u - r r oo t  R i ve r  
Koo tena i  R i ve r  nea r  
Tope  I  and ,  I daho  
Sediment  Y ie ld ( tons/mi  /yr )  
High Low Average 
1100 
1620 
577 
240 
30 
ISO 
1 2 . 6  
1 34 
400 
600 
300 
173 
200 
39 
110  
52 
134 
Source 
U.  S.  Water  Resources Counci l ,  (1968).  
U.  S.  Water  Resources Counci l ,  (1968).  
Langbein and Schumm (1968);  e f fect ive 
prec ip i ta t ion = 40 in .  
Got tschalk c i ted in  Chow (1964) 
McPherson (1975),  inc ludes dra inages ad­
jacent  to  North Fork in  Canada.  Based on 
36 basins ranging in  s ize f rom 30 to 
551 mi  
Hoi  1 ingshead et .a l .  (  1 973 )  
Emmett  (1975),  Upper Salmon Rive r  a rea ;  
based on Salmon Rivei ;  nea r  Tha i  I  is ,  
Basin area = 1800 mi c  
Bonde and Bush (19^5) ;  Cart ier  (19H1),  dra in­
a g e  a r e a  o f  8 3 8  m i  i n  K n o t e n j i  R i v e r  B a s i n  
Car t i e r  ( 19^1 )  d ra i nage  j r ea  1000  m i ^  
Cart ier  (1981);  dra inage area 13,400 m/ ,  
based on p re -L ibby  [Jam impoundment  
r eco rds  
ro 
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the North Fork's mean-annual suspended-load is within the expected range, 
sediment y ield for the Canadian port ion of the drainage appears sl ight ly 
higher than for other similar drainages. Numerous factors including 
the glacial outwash through which the North Fork f lows, a less stable 
channel,  greater precipitat ion intensity and perhaps the effects of 
f i re and land-use contr ibute to the dif ference. 
Peak f lows in the North Fork drainage normally occur in June. 
The f low durat ion analysis for est imating the mean-annual suspended-
load shows that 80% of the load is transported by f lows equal led or 
exceeded about 5% of the t ime (18 days/year) at each stat ion. For the 
North Fork at Bri t ish Columbia, f lows between 5,400 and 7,500 cfs occur 
about 2.5% (9 days/year) of the year but transport 50% of the annual 
suspended load. Similar ly, f lows between 15,000 to 20,000 cfs, which 
occur about 2.5% of the year, are responsible for discharging 50% of 
the annual suspended-load at the stat ion near Columbia Fal ls. 
Bedload Sediment Yield 
The bedload discharge of the North Fork is responsible for shaping 
i ts channels and transport ing perhaps as much as 50% of the total 
(annual) sediment load. The size distr ibut ion and amount of bedload 
sediment suppl ied to and transported by the channel affect the qual i ty 
and quanti ty of aquatic habitat in the North Fork. In spite of the 
importance of bedload discharge from r iver basins and considerable 
research directed toward producing accurate measurement techniques and 
predict ive equations, no widely accepted means for either measuring or 
computing the bedload is currently avai lable (Vanoni,  1977; Andrews, 
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1981; Lane et.  al .  ,  1982). Thus, considerable judgment and care must 
be exercised in the measurement or computat ion of bedload discharge. 
Andrews' (1981) study of Muddy Creek (Wyoming) provides insights 
into the problems inherent in accurately determining mean bedload 
transport rates. He very careful ly measured and computed bed-material  
discharge for Muddy Creek, a shal low, sand-bed stream (D^g = .3 to 
.6 mm). Sampling was done intensively with a Hel ley-Smith bedload 
sampler which had been cal ibrated under somewhat s imilar f ield condit ions 
(Emmett,  1980), and could be observed at al l  t imes during the sampling 
procedure to ensure that i t  did not scoop bed-material .  Comparison of 
measured bed-material  discharge loads with those predicted by four 
appropriate bed-material  discharge equations, developed for similar 
sand-bed condit ions, revealed signif icant dif ferences for each equation. 
The predicted values were within one-half  to two t imes the observed 
values 60 to 79% of the t ime. However, the discrepancy between the 
measured and computed loads was no greater with the Muddy Creek data 
than i t  was with the f lume data from which the discharge equations were 
derived. Andrews (1981) concluded that the bed-material  discharge 
equations used gave as good of est imates of the transport rate as were 
obtained by sampling. This means that even under the best of condit ions, 
a wel l  selected transport relat ionship may give values roughly one-half  
to two t imes the actual rate. For si tuat ions where the hydraul ic and 
sediment characterist i  cs of a r iver di f fer from those for which the bed-
material  discharge equation was derived, the calculated values may be in 
error by several hundred percent (Vanoni,  1977). While knowledge of the 
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magnitude and characterist ics of the North Fork's bed-material  dis­
charge is important in understanding al luvial channel processes, only 
a rough approximation can be made with state-of-the art transport 
equat ions. 
The bedload discharge for the North Fork at B. C. was est imated 
using four transport relat ionships: the Meyer-Peter and Muller 
equation (1948), the Bagnold equation (1980), the Leopold and Emmett 
nomograph (1976), and the Einstein method (1950). In general,  these 
relat ionships have al l  been developed using data from gravel-bed r ivers 
or f lumes, but vary in theory and approach. Data requirements and 
bedload rat ing curves developed using the four transport relat ionships 
are given in Appendix E. Due to problems in select ing a representat ive 
grain size for use with the Meyer-Peter and Muller equation, i t  was not 
used to est imate bedload (Parker et.  al . ,  1982). 
When integrated with the stat ion's f low durat ion curve and pre­
viously derived mean annual suspended load, the three selected relat ion­
ships provided the est imates of bedload and total sediment load shown 
in Table 15. The temporal distr ibut ion of annual bedload discharge 
given by the streamflow durat ion-sediment rat ing curve method indicates 
that f lows of 4600 to 8800 cfs. are responsible for transport ing ap­
proximately 51% (Bagnold), 54% (Leopold-Emmett) and 76% (Einstein) 
of the total mean annual bedload. Mean dai ly discharges in that interval 
occur 5% of the t ime (18 days/year) on an average basis. Flows greater 
than 8800 cfs. occur 0.3% of the t ime (1.1 days/year) on an average 
annual basis, and transport 5, 9 and 17% of the average annual bedload 
for each respective equation. 
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Table 15. 
Bedload Transport Est imates for the North Fork at the Canadian Border 
Bedload Total Load 
Percent Bedload 
of Total Load 
(Tons/yr/ 
dry weight) 
(Tons/yr/ 
dry weight) 
Bagnold Equation 12,300 144,600 9% 
Leopold and Emmett 34,400 166,700 21% 
Einstei n 30,800 163,100 19% 
Mean dai ly discharges between 4600 to 8800 have recurrence in­
tervals of about 1.1 years to 4 years, respectively. This tends to 
support the general f inding that more frequently occurr ing f lood f lows 
of relat ively short durat ion transport the bulk of the bedload over the 
1ong-term. 
Discussion 
Estimates of mean annual bedload discharge using the Bagnold, 
Leopold-Emmett and Einstein relat ions are in reasonably close agreement. 
The accuracy of the calculat ions is l imited by a number of factors. 
These include possible inaccuracies in the est imation of variables such 
as water surface slope and bed-material  size distr ibut ion, the inherent 
di f f iculty in characterizing the temporal and spatial  variat ion in bed-
load transport rates with an equation, and the inabi l i ty of the methods 
used to account for long-term variat ions in bed-sediment supply to the 
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channel reach (Vanoni,  1977; Gri f f i ths, 1980). The latter considerat ion 
is especial ly important with respect to the North Fork. Bedload 
equations indicate the capacity for the channel to transport coarse 
sediment. I f  the channel reach is not in equi l ibr ium then the equations 
wi l l  over or under predict the actual amount. The North Fork at Bri t ish 
Columbia is within a stable reach with no evidence of aggradation .  
However, i t  may be slowly degrading. In this instance, the supply of 
bedload to the reach would be less than the transport equations predict 
and the predicted mean annual bedload would be greater than the actual 
value. 
Addit ional observations at the Canadian Border reach tend to support 
the above conclusion. In the vicini ty of the stage recorder for the 
gaging stat ion, port ions of the bed and channel banks appear to be armored 
with a lag deposit  consist ing of rounded cobbles and boulders ( inter­
mediate axis up to 1000 mm) within a f ine gravel,  sand clay matr ix. The 
clay is derived upstream from a cut-bank in the Kishenehn formation. 
Combination of these factors results in a local ly immovable surf icial  
layer which protects f iner subsurface materials from transport.  Obser­
vat ions (repeated photography) over a period of f ive years indicate that 
in general only part icles smaller than 150 mm are appreciably trans­
portable by the normal range of peak f lows (6000 to 8000 cfs).  Cal­
culat ions of Shields dimensionless shear stress, a measure of the f lows 
abi l i ty to entrain coarse material ,  supports the above observation. 
Thus at least in the Canadian border reach, port ions of channel 
are less mobile than others. Although these areas are general ly re­
str icted to control sect ions (r i f f les) and are not present within the 
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immediate area under the cable-way, the part ial  armoring of the reach 
probably indicates defici ts of f ine bed-material  supply to the reach. 
Given these considerat ions, the mean annual bedload est imates may be 
high side and probably represent an upper bound for the reach. 
CHAPTER IV 
POTENTIAL EFFECTS OF LAND USE ON FLUVIAL GEOMORPHOLOGY 
Introduction 
Alterat ion of the watershed processes and variables which control 
water and sediment supply to a channel reach may be expected to al ter 
the hydraul ic and morphologic characterist ics of the reach. The amount 
and type of channel adjustment is governed by several factors which 
include the exist ing stabi l i ty of the reach, size of the change ( in­
crease or decrease) in water-sediment load, the durat ion of the change 
and in the case of altered sediment load, whether the size-distr ibut ion 
of sediment suppl ied has changed. 
Exist ing and future land uses with the greatest potential  for al­
ter ing the water-sediment supply to the North Fork are coal mining and 
t imber harvest. In spite of considerable effort  and notable advances 
in the f ields of forest hydrology, r iver hydraul ics, and sediment 
transport,  the predict ion of r iver channel response to altered water-
sediment supply remains a di f f icult  task. This is due in part to a lack 
of widely appl icable quanti tat ive data relat ing r iver channel response 
to various land treatments (Dunne and Leopold, 1978; Leopold, 1982). 
I t  is also due to the di f f icult ies associated with quanti f icat ion of 
bed-material  transport,  and key variable and the dominant process by 
which the channel adjusts i ts form and hydraul ic characterist ics. Unti l  
such data are col lected on a rout ine basis in a r iver drainage, i t  is 
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doubtful that an accurate est imation of channel response to any par­
t icular land use wi l l  be possible (Leopold, 1982). 
These l imitat ions notwithstanding, i t  is possible to general ly 
predict the response of the North Fork to altered water-sediment loads. 
An extensive amount of empir ical information on channel changes has been 
summarized into channel response relat ions which give qual i tat ive in­
formation on the increase or decrease in channel variables (width, depth, 
slope) as a funct ion of changes in water and sediment suppl ied to the 
channel,  (Lane, 1955; Schumm, 1963, 1977; Simons, et.  al . ,  1979). A 
more quanti tat ive predict ion of channel response is afforded by the 
est imation of actual increases in water or sediment supply and the appl i­
cat ion of regime equations (hydraul ic geometry) developed for similar 
hydraul ic condit ions. Last ly, analysis of the North Fork's f luvial 
geomorphology may be used to identi fy possible complex-response of the 
channel to altered water-sediment load. 
The second approach requires that actual changes in water and 
sediment run-off  be evaluated. This was not possible with respect to 
si  1vicultural act ivi t ies in the basin. Inventories of the current 
amount of land in various management treatments (clear-cut,  part ial-cuts, 
roads) are approximate at best and in some instances don't  exist.  A 
reasonable amount of si te specif ic information is avai lable for the pro­
posed coal development at Cabin Creek, Bri t ish Columbia. Because of 
this a more detai led analysis of potential  increased sediment loads and 
downstream channel changes result ing from coal development was possible. 
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Potential  Sediment Yield From Coal Mining at Cabin Creek 
Introduction 
Of the potential  coal mining development in Canada, Cabin Creek 
is the only si te for which a specif ic plan is avai lable. Detai ls of 
the proposed Cabin Creek development are contained in the Stage I I  
Environmental Assessment (Sage Cr. Coal,  LTD, 1982) which was prepared 
pursuant to Bri t ish Columbia's "Guidel ines for Coal Development" and 
submitted to the Ministry of Energy, Mines and Petroleum Resource, and 
the Ministry of Environment. While of a prel iminary nature, this report 
and consultant reports ci ted therein provide the most complete infor­
mation avai lable on the mine design, production schedule, mine drainage 
plan, reclamation plan, and the physical and biological characterist ics 
of the local environment. 
Through a cooperat ive agreement the Province of Bri t ish Columbia 
al lowed the State of Montana to review and comment on the Stage I I  
Assessment. An interdiscipl inary task force reviewed the assessment 
(Montana Review of Cabin Creek Mine, 1982) not ing strong and weak points 
with respect to overal l  environmental protect ion. Attention was given, 
by the wri ter,  to assessing the potential  sediment production and runoff 
at the mine, the abi l i ty of the mine drainage plan to minimize sediment 
y ield from the mine si te, and the prospect for post-mining sediment 
problems. Numerous concerns have been raised by the State as a result  
of the review and are being given considerat ion by the Bri t ish Columbia 
Ministry of Environment. In 1985 the dispute was referred to the Inter­
national Joint Commission for arbitrat ion. 
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This information is used later, in conjunction with geomorphic and 
hydraul ic data from the present study, to evaluate the potential  down­
stream sediment and channel impacts which could result  from mining at 
Cabin Creek. Port ions of the state's review which pertain to potential  
sediment y ield as a result  of the mining operat ion are summarized here. 
Physical Sett ing 
The Cabin Creek si te l ies on the west side of the North Fork about 
eight miles north of the Canadian border (Fig. 1).  The coal deposits 
are contained in the Cretaceous Kootenai Formation which l ie in the 
lower plate of the Lewis thrust and local ly occur on the east f lank of 
a northwest trending anticl ine. Two prominent hi l ls,  one on ei ther side 
(north and south) of Cabin Creek, contain three economical ly recoverable 
seams of coal.  The seams str ike north-northeast and have an easterly 
dip of 30 degrees which requires that a contour-str ip type of surface 
mining be used to remove the coal.  
Elevation at the si te ranges from about 6000 feet near the tops of 
the hi l ls to 4300 feet in the adjacent al luvial bottom lands. Glacial 
t i l l  and outwash deposits occur throughout the area which wi l l  be mined. 
These materials extend to depths of up to 138 feet and consist of 15 
to 30 percent by weight of s i l t  and clay, 3 to 40% sand, with the re­
mainder as gravel,  cobbles and boulders (Dames and Moore, 1976). Glacial 
outwash and f luvial gravels, sands and si l ts dominate the f loodplains of 
Cabin and Howell  Creeks and the North Fork Flathead River. The f loodplain 
areas are narrow and confined in the Cabin Creek drainage and more open 
103 
in the Howell  Creek drainage. Wetlands frequently occur throughout the 
val ley bottoms. 
The bio-physical environment is within the Englemann spruce 
subalpine f i r  biogeocl imatic zone (Kraj ina, 1965). This zone is 
characterized by short,  cool,  frequently dry summers with long cold 
winters, and deep accumulat ions of snow. Frost normally occurs in al l  
months except July and August, at lower elevations, and in al l  months at 
higher elevations. Mean annual precipitat ion is 48 inches and 54 inches 
for the Cabin and Howell  Creek drainages respectively. 
Mine Development 
Coal at the si te is general ly soft ,  fr iable, and of bituminous rank 
(14,000 BTU's/ lb).  While of metal lurgical grade, i t  wi l l  be marketed as 
thermal coal;  raw coal averages 22% volat i les; 25% to 35% ash and 0.5% 
sulphur (DNRC, 1977; Sage Creek Coal,  LTD, 1982). Sage Creek Coal 's 
present development plan cal ls for an ini t ial  yearly production rate of 
2.9 mil l ion tons of raw coal and 2.4 mil l ion tons of clean coal.  At 
this rate, a 21-year mine l i fe is projected, with the possibi l i ty of 
further mining i f  future economics are favorable. 
The Company owns 24,700 acres (38.6 square miles) of land in the 
Cabin Creek area and expects that about 3,840 acres (six square miles 
of land) wi l l  be disturbed by the two open pi ts, waste dumps, haul roads, 
coal washing faci l i t ies, and tai l ings disposal area (Fig. 22). The coal 
has an overburden rat io of about 10:1, and about 2,950 acres (4.6 square 
miles) of land wi l l  be required to dispose of the 273 mil l ion BCM (bank 
cubic meters) of waste rock and 40.2 mil l ion cubic yards of plant refuse 
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Figure 22. Site plan showing layout of the mine drainage 
sediment detention network for the proposed Cabin Creek 
coal mine. 
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generated during the projected mine l i fe (Sage Creek Coal,  LTD, 1982). 
The cl imate, steepness of the terrain, composit ion of overburden 
materials, and style of mining indicate a high potential  for erosion 
and sediment production. A mine drainage and sediment detention plan 
has been developed which would route most of the si te runoff through 
sediment detention ponds before introducing the water to Cabin and Howell  
Creeks and the North Fork. Performance of the mine drainage network 
wi l l  largely determine the amount of sediment introduced into surface 
water leaving the si te and thus the amount contr ibuted to the North Fork 
during mining. Post-mining sediment yields wi l l  depend mainly upon the 
success of reclamation efforts. Thus both performance of the mine 
drainage plan and success of reclamation must be considered in evaluation 
of the potential  for downstream sediment impacts. 
Mine Drainage and Sediment Detention Plan 
The purpose of a mine drainage and sediment detention plan is to 
minimize onsite sediment production, col lect mine runoff and process the 
runoff,  removing sediment down to a specif ied size, before returning the 
water to local drainages. Most drainage plans contain providions for 
divert ing runoff from undisturbed lands away from mined-land, col lect ing 
sediment laden storm runoff,  and routing i t  to sediment detention basins, 
and trapping sediment in the basins before returning the water to local 
drainages. 
Sage Creek Coal 's plan (Klohn Leonoff,  1981) for the Cabin Creek 
mine employs this design phi losophy and is shown in Figure 22. Above 
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the mine "clean water" ditches (dashed l ine) would divert runoff around 
the waste dumps and mine pi ts and pass i t  through temporary sediment 
ponds into Howell ,  Cabin and Couldrey Creeks. "Contaminated water" 
di tches (dotted l ine) would col lect sediment laden water and transmit 
i t  to one of four sediment ponds. 
The actual performance and adequacy of the mine drainage and sedi­
ment detention network during mining depends upon several factors: 
1. The regulatory performance cr i ter ia which the network 
must meet and the success with which regulatory standards 
are enforced. 
2. The degree to which design data (design f loods, sediment 
and water volumes, etc.) used to size the ponds and ditches 
is representat ive of actual condit ions. 
3. The performance of necessary maintenance of ponds and 
ditches which is required to insure proper long-term 
functioning. This would include periodic ditch 
cleaning to maintain transport capacit ies and annual 
removal of ice in preparat ion of snow melt runoff.  
The f i rst factor is largely beyond the scope of the report except to 
note that the Stage I I  Assessment specif ies al l  sediment laden water wi l l  
be routed through sediment detention ponds and that the suspended sol ids 
concentrat ions of sediment pond eff luent wi l l  not exceed 50 mg/1 
(Sage Creek Coal,  LTD, 1982). The second and third factors direct ly 
affect the performance of the drainage plan and ult imately sediment 
y ield from the mine si te. A summary of the proposed mine drainage and 
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sediment detention plan given in the Stage I I  Assessment and the State 
of Montana's review of possible deficiencies in the plan is included in 
Appendix F. 
Sediment Yield to Ponds 
The dominant sources of eroded sediment from a mine si te include 
waste dumps, haul roads, str ipped and logged areas, and diversion ditches. 
Sediment yields which can be expected to result  from these land uses 
have been somewhat wel l  establ ished for other areas (Col l ier et al . ,  1970; 
Slaymaker and McPherson, 1973; Environmental Protect ion Agency (EPA), 
1976; Anderson and Briggs, 1979 ;  Mart in and Platts, 1981). The EPA 
has publ ished the values given in Table 16. These were used by the 
Company to est imate sediment yields to the ponds over the twenty-one 
year mine l i fe. For Pond 1 i t  was est imated that 532 ac-ft  of sediment 
would be deposited. Based on the analysis of sediment y ield presented 
short ly, this value appears reasonable as do est imates for the other ponds. 
Sage Creek Coal does not provide est imates of annual sediment production 
during mining or potential  post-mining sediment yields i f  reclamation is 
less successful than anticipated. For that reason two scenarios were 
developed which provide est imates of sediment yields to the ponds over the 
mine l i fe and after mining. 
To translate the sediment y ield vs. land use data into a composite 
sediment yield from the minesite, i t  is necessary to know: the sequential  
development of the mine; the area of disturbed land in a part icular land 
use and, the durat ion of t ime the land is in a part icular land use; how 
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much of the land wi l l  be disturbed each year as the mine progresses 
and whether or not mining and reclamation proceed concurrently. I f  
the mine is progressively developed with no reclamation occurr ing unti l  
year twenty-one, then sediment yields from the si te would be much greater 
than i f  the mined land or waste dumps are reclaimed immediately after 
mining or construct ion. The f i rst scenario is a best case based on 
reclamation taking place as mining progresses. 
The main assumptions of the Best Case scenario are: 
A. The area would be developed with reclamation being 
carr ied out simultaneously with mining and waste 
dump construct ion; 
B. the waste dumps would be progressively constructed 
with 4.8 percent of the land area (1/21) placed 
into waste dump status each year as the mine progresses; 
C. reclamation of 4.8 percent of the waste dump areas 
would be ini t iated each year with f ive years required 
for reestabl ishment of an erosion-resistant vegetat ive 
cover; 
D. any methods required, including jute nett ing, mulch 
and other soi l-stabi l iz ing measures would be employed 
to ensure revegetat ion; and 
E. post-reclamation sediment yields would be reduced by 
50 to 90 percent of the 38.9 t /ac/yr value expected 
during mining. 
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Table 16. 
Expected sediment yields as a funct ion of *  
land use at the Cabin Creek, B.C. mine si te 
2  S e d i m e n t  Y i e l d  
L a n d  U s e  T o n n e s / k m  / y r  T o n s / m i  / y r  T o n s / a c / y r  
U n m i n e d  W a t e r s h e d  1 0  2 5 . 9  0 . 0 4  
I n i t i a l  L o g g i n g  4 , 3 0 0  1 1 , 1 3 7  1 7 . 4  
W a s t e  D u m p s  9 , 6 0 0  2 4 , 8 6 4  2 3 . 9  
I n a c t i v e  M i n e  A r e a s  8 5 0  2 , 2 0 2  3 . 4  
H a u l  R o a d s  2 0 , 4 0 0  5 2 , 8 3 6  8 2 . 6  
S o u r c e  E P A ,  1 9 7 6  a n d  K l o h n  L e o n o f f ,  1 9 8 1  
Table 17. 
Results of best case sediment yield 
scenario at Cabin Creek 
A n n u a " !  2 6 - Y e a r  A n n u a l  
2 6 - Y e a r  P o s t m i n i n g  S e d .  S e d i m e n t  P o s t m i n i n g  S e d i m e n t  
S e d i m e n t  Y i e l d  Y i e l d  Y i e l d  w i t h  9 0  S e d i m e n t  Y i e l d  
A r e a  
W a s t e  
D u m p s  
A  &  B  
w i t h  50% 
R e e l a m a t i  o n  
S u c c e s s  
( T o n s )  
5 . 7  x  1 0 -
w i t h  50% 
R e c l a m a t i o n  
S u c c e s s  
( T o n s / y e a r )  
2 . 7  x  1 0  
P e r c e n t  
R e e l a m a t i  o n  
S u c c e s s  
( T o n s )  
3 . 2 2  x  1 0 ~  
w i t r .  90  o 
R e e l a m a  t i o n  
S u c c e s s  
'  T  o  n  s  /  v  e  a  r )  
5 . 4  x  1 0 "  
W a s t e  
0UT:DS 
C , D , S F  
W a s t e  
D u m p  
E  
T O T A L  
4 . 7  x  1 0 5  2 . 3  x  1 0 4  2 . 6  x  1 G 5  4 . 5  x  1 C 3  
1 . - 9  x  1 0  7 . 6  x  1 0  8 . 3  x  1 0  
1 . 2  x  1 0 6  5 . 8  x  1 0 "  6 . 3  x  1 0 "  
1.5 x 1C-
1 . 1  x  1 C "  
Table 18. Results of worst case sediment y ield scenario at Cabin Cr 
A r e a  
W a s t e  D u m p  A & B  
W a s t e  D u m p s  
C f D , & F  
W a s t e  D u m p  E  
T o t a l  
2 6 - Y e a r  S e d i m e n t  Y i e l d  
w i t h  M 'O R e c l a m a t i o n  
( T o n s )  
8 . 5 5  x  1 0 5  
6 . 8 8  x  1 0 ~  
2 . 2 9  x  1 0 E  
1 . 8  x  1 0 6  
A n n u a l  P o s t m i n i n g  S e d i m e n t  
Y i e l d  w i t h  P o o r  R e e l ,  
o r  ? ; o  R e c l a m a t i o n  
( T o n s / Y e a r )  
5 . 4  x  1 0 4  
4 . 6  1 9  
1 . 5  x  1 0  
1 . 2  x  1 0 E  
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Results of the calculat ions are given in Table 17. The data indicates 
that with a 50 percent reduction in sediment y ield accomplished during 
staged reclamation, the mine would yield about 1.2 x 10^ tons over the 
26-year period during which mining and reclamation would be accomplished; 
4 post-reclamation annual sediment yields would be about 5.8 x 10 T/yr.  
At a 90 percent reduction in sediment y ield the mine would yield about 
5 
6.8 x 10 tons over the 26 year period, with a post-reclamation annual 
y ield of about 1.1 x 10^ T/yr.  
The second scenario is worst case and assumes the same mine de­
velopment but that reclamation fai ls entirely. The sediment y ield after 
26 years of mine l i fe would be about 1.8 x 10 tons with a post-mining 
5  average annual sediment yield of about 1.2 x 10 T/yr.  (Table 18). 
Scenarios one and two indicate a range of sediment yields at the 
6 6 minesite of 1.2 x 10 tons to 1.8 x 10 tons over the mine l i fe with 
4  postmining and reclamation average annual sediment yields of 1.1 x 10 
5 tons/year to 1.2 x 10 tons/year. These values, whi le approximate, 
indicate the order of magnitude of sediment yields at the si te and the 
importance of proper sediment detention basin design and effect ive 
reclamation procedures. The Company has est imated 925 ac-ft  (1.7 mil l ion 
tons assuming 85 lbs/f t  ) of sediment would be yielded to the ponds over 
the mine 1i fe. 
Sediment Yield from the Minesite 
From the previous discussion, i t  is evident that the mine operat ion 
wi l l  contr ibute some sediment to channel of the North Fork Flathead 
River. During mining, i f  the mine drainage network and sediment basins 
I l l  
funct ion properly, the contr ibut ions should be relat ively small .  Once 
mining is completed, sediment yield from the area would be determined 
by both the degree of success of reclamation and whether the mine 
drainage network were maintained. 
I f  the mine drainage plan funct ions as stated in the Stage I I  
Assessment, with al l  water from the mining operat ion draining to sediment 
ponds, and the 50 mg/1 suspended sol ids l imit  is never exceeded, an 
est imate of the maximum amount of sediment leaving the ponds is possible 
using the streamflow durat ion --  sediment rat ing curve method. This 
shows that i f  the ponds discharged the entire mean annual runoff suppl ied 
by their drainages (9 cfs/day) and the suspended sol ids concentrat ion 
was a constant 50 mg/1, the annual sediment discharge of the ponds would 
be 443 tons/yr. 
Another maximum est imate of the amount of sediment leaving the ponds 
may be made based on the Company's observation that the ponds would be 
100% eff ic ient at trapping sediment coarser than .01 mm and that 80 
to 97% of the inf lowing sediment would be coarser than .01 mm. This 
means that the ponds could retain 80 to 97% of the inf low of sediment 
load. I f  these percentages are appl ied to the sediment yield data in 
Table 19 the annual yields from the ponds would be 14,000 tons/yr. at 
80% eff ic iency and 2000 tons/yr. at 97% eff ic iency. These represent 
maximums because, presumably, the ponds would not discharge on a year 
round basis. Also the Company could use chemical coagulants to aid in 
trapping sediments f iner than .01 mm and improve overal l  pond eff ic iencies 
i f  necessary. 
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A total est imate of sediment y ield from the mine si te includes con­
tr ibut ions due to other dispersed act ivi t ies (road relocation, con­
struct ion camps, mine faci l i t ies for processing coal) as wel l  as sediment 
which might be contr ibuted direct ly to Cabin and Howell  Creeks as a 
result  of mass fai lure in the waste dumps or overtopping of containment 
di tches. A 1978 survey of exist ing coal mining operat ions in the East 
Kootenay region, performed by the Bri t ish Columbia Ministry of Environ­
ment (Crozier, 1978), found that the major sediment sources were: 
1. surface erosion of large land areas logged prior 
to mining; 
2. haul and access roads which intercept and concentrate 
runoff;  
3. inadequately sized sediment ponds which al low sediment 
laden throughflow; 
4. overtopping and fai lure of drainage ditches and sediment 
ponds not properly sized for major f lood peaks; 
5. sl ides in mine overburden dumps. 
Based on the above analysis, i t  appears that the Cabin Creek Mine would 
need to be an " ideal" operat ion to achieve the overal l  sediment standards 
given in the Stage I I  Assessment. 
Sediment yields from the mine si te during the post mining period 
would depend on the success of reclamation and whether the mine drainage 
network were maintained. With sub-alpine condit ions, high precipitat ion, 
and relat ively steep slopes (maximum waste dump = 26°), condit ions are 
less than ideal for reclamation. Although the state-of-the-art of coal 
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mine reclamation has been advanced in Canada under the Mine Regulat ions 
and Coal Mines Regulat ion Act of 1969 and Guidel ines for Coal Develop­
ment (1976), with notable achievements on relat ively small  plots in 
sub-alpine areas, reclamation remains a di f f icult  task in Bri t ish 
Columbia's coal f ield areas (Thirgood, 1978). A 1978 assessment concluded 
(Thirgood and Ziemkiewicz, 1978): 
While al l  the problems attended to mining on the 
plains are not yet understood, the reclamation of 
mountainous country, part icularly sub-alpine and 
alpine regions, should prove most di f f icult  due to 
steep slopes, lack of proper seedbed, and harsh macro 
and microcl imates. Large-scaled dump fai lures, stream 
si l tat ion, and dust pol lut ion can be serious problems 
in mountainous country. 
Western Canada is st i l l  far from developing a body 
of reclamation knowledge commensurate with the need. 
Most research is carr ied on by individual mining 
companies. Only in Alberta has an attempt been made 
to coordinate research efforts through government 
agencies. 
Both Alberta and Bri t ish Columbia have legislat ion and 
guidel ines regulat ing reclamation. Bri t ish Columbia's 
regulatory agencies are understaffed and the laws 
underenforced. Reports from Alberta suggest that i ts 
legislat ion is dramatical ly more effect ive in i ts 
appl icat ion. 
The reclamation plan presented in the Stage I I  Assessment is sound in 
concept and approach but lacks the detai l  normally required by state 
and federal governments. For example, the plan would require use of 
1570 ac-ft  (1.917 x 10 m ) of topsoi l  but does not clearly specify where 
the topsoi l ,  which would be in short supply at the si te, would come from. 
I t  also is not specif ic in measures which would be used to ini t ial ly 
stabi l ize slopes ensuring revegetat ion success. In l ight of this and the 
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preceding discussion, i t  is uncertain how successful reclamation 
eventual ly would be. 
To evaluate the post-mining potential  sediment yield from the mine 
si te, two levels of reclamation success were considered. Both measure 
reclamation success as a funct ion of sediment yield reduction. Fif ty 
percent reclamation success corresponds to a reduction in sediment 
yield to the pre-mining value occurr ing on 50% of the attempted land 
reclaimed. This corresponds (Table 17) to an average annual post-mining 
sediment yield from the mine si te of 58,000 tons/yr. At 90% reclamation 
success, the annual sediment contr ibut ion would be 11,000 tons/yr. 
These values, whi le approximate, demonstrate the importance for either 
successful reclamation or the maintenance of the mine drainage network 
into the post-mining period. 
Potential  Downstream Channel Changes Result ing From Mining 
Introduction 
The downstream water qual i ty changes result ing from surface mining 
coal development have been wel l  documented for several regions in the 
United States (Col l ier et.  al . ,  1970, Department of Interior,  1979). 
Downstream channel changes have been less wel l  documented, but decreases 
in channel capacity and size of bed-material  have been reported for 
streams draining coal regions in the United States (Col l ier et.  al . ,  
1964; Mart in and Platts, 1981). A U. S. Department of Agriculture Survey 
(USDA, 1968) est imated that of 14,000 miles of stream channel direct ly 
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affected by surface mining, the water-carrying capacity was reduced 
in roughly one-half .  Suspended sol ids concentrat ions may be as high as 
50,000 mg/1 in local surface water and annual sediment yields as much 
as 1000 t imes the pre-mining level (Col l ier et al . ,  1964). This in­
formation is derived mainly from the Appalachian coal region of the 
southeastern United States and ref lects a period of coal development 
pr ior to enactment of str ip mine and reclamation legislat ion. 
Depending upon the actual mining and post-mining sediment yields 
from the mine si te, the affect on the North Fork's sediment loads and 
f luvial geomorphology could be large or small .  To evaluate potential  
channel changes result ing from mining, sediment yields ref lect ing various 
degress of success of the mine drainage network and reclamation plan 
were used. Both the mining and postmining periods were considered. 
A general ized expression of the interrelat ionship between the 
independent variables (Q and Qs)  and the semi-dependent variables, 
channel slope, and bed-material  size, is given by Lane's (1955) em­
pir ical relat ionship: 
Q Dr-n ^ Q S vs 50 vw 
in which Q and Q are sediment and water discharge, S is the channel s w 
slope and D^g is the representat ive size of bed material .  This relat ion 
is useful in qual i tat ive predict ion of r iver response and shows that at 
a constant stream discharge an increase in the amount or size of bed 
material  wi l l  cause an increase in channel slope (aggradation); a de­
crease in stream discharge at a constant sediment supply wi l l  cause the 
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same response. Similar qual i tat ive relat ions developed by Schumm 
(1977) indicate that an increase in bed-material  load at constant dis­
charge, wi l l  result  in a shal lower, wider, steeper channel with a 
decreased sinuosity. Neither Lanes nor Schumm's relat ionships state 
how much of a change in Qs  or D^g would be required to bring about a 
given amount of channel change, they merely indicate the direct ion of the 
changes. 
In general,  the signif icance of total sediment contr ibut ions from 
mining may be demonstrated by comparing the potential  sediment yields 
from the mine si te with the mean annual total sediment load for the 
North Fork at the Canadian Border. As shown in Table 19, contr ibut ions 
from mining wi l l  be small  relat ive to the North Fork's load i f  the mine 
drainage network funct ions properly. I f  reclamation is reasonably 
successful (90%), sediment annual ly contr ibuted from the mine si te would 
amount to about seven percent of the total mean annual load of the North 
Fork. For the cases where reclamation is less successful,  ( f i f ty per­
cent to fai l ing), the increases are about thir ty to seventy percent of 
the North Fork's load. 
Predict ion of Channel Response 
The quanti ty and size distr ibut ion of sediment del ivered from the 
Cabin Creek mine si te to the North Fork wi l l  largely determine the type 
and degree of downstream channel response. Sediment f iner than 0.0625mm 
consti tutes wash load material  which is transported in suspension by al l  
r iver f lows and would not affect channel morphology. During mining, 
117 
Table 19. 
Comparison of Total mean annual load of North Fork 
at B.C. with potential  sediment contr ibut ion due 
to Mining. 
Total Mean Annual 
Load, N. Fk. at 
B.C. (Tons/year) 
144,600 (Bagnold) 
Mining Period 
%Total Mean 
Tons/yr Annual load 
443 
2000 
14000 
< 1  
1  
1 0  
Post Mining 
%Total Mean 
Tons/yr Annual load 
1 1 , 0 0 0  
53,000 
120,000  
8 
40 
83 
163,100 (Einstein) 443 
2000 
K000 
< 1  
< 1  
9 
11,000 
53,000 
120,000 
7 
36 
74 
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coarser sediment consti tut ing the bed-material  load would be suppl ied 
from the mine only through fai lure or ineff ic ient performance of the mine 
drainage network. Once mining has ceased, bed-material  would be derived 
direct ly from erosion at the mine si te, unless the mine drainage network 
were maintained or reclamation efforts were completely successful.  Since 
the wash load contr ibuted wi l l  not affect channel forming processes ( i t  
may affect downstream water qual i ty),  the analysis here focuses on the 
relat ionship between increased bed-material  supply and channel response. 
The size distr ibut ion of sediment which would be contr ibuted by 
mining is di f f icult  to est imate. Grab samples from channel beds of 
streams draining coal mining operat ions in the Kootenay region show sandy 
bed-material  with D^g's ranging from 1mm to ,05mm, (Klohn Leohoff,  1981). 
The specif ic condit ions these samples represent ( i .e. distance from 
sediment source, location of sample in channel,  pavement or sub-pavement) 
is not known. In general,  the bed-material  suppl ied due to mining would 
be f iner than that transported by the North Fork in the Canadian Border 
reach (D^g sub-pavement = 21mm) but would probably include gravel (>2mm) 
sized part icles derived from glacial overburden materials and crushed 
bedrock. 
For this analysis the fol lowing assumptions were made about the size 
distr ibut ion of sediment contr ibuted due to mining: 
1) during the mining period the bulk of sediment 
suppl ied by the mine to the North Fork would be 
wash load; bed-material  contr ibut ions would be 
small ,  i f  they occurred. 
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2) during the post-mining period, sediment would be 
derived from erosion of mined land exhibit ing 
varying degrees of reclamation success. This 
sediment would comprise 25% gravel size (>2 mm), 
50% sand size (2mm to .005mm) and 25% wash load 
(<.0625 mm). 
Est imates of quanti ty of sediment that could be suppl ied due to mining 
are summarized in Table 20. Post-mining values indicate the potential  
amounts of sediment that could be suppl ied to the North Fork, for 
varying degrees of reclamation success, i f  the mine drainage network 
were not maintained. These sediment yields were used to i l lustrate the 
potential  downstream channel changes that could occur as the result  of 
coal development. Although these yields ref lect potential  post-mining 
sediment contr ibut ions, the analysis also appl ies to the mining phase 
i f  bed-material  were suppl ied in the same quanti t ies. Changes in channel 
morphology and characterist ics were est imated using dimensionless 
regime relat ions developed for gravel-bed r ivers by Parker (1978). 
Dimensionless Downstream Hydraul ic Geometry 
Parker (1978) has used dimensional analysis to formulate rat ional 
regime relat ions for straight, gravel-bed, r iver reaches. The analysis 
reduces the essential  number of hydraul ic variables required to describe 
channel geometry, f low and sediment transport in al luvial channels to 
eight dimensionless parameters. Hydraul ic resistance, bedload discharge, 
and self- formed width relat ions, three equations involving the remaining 
eight parameters, are then combined, giving rat ional regime relat ions 
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for gravel-bed r ivers. The relat ions describe the interrelat ionship 
of channel width, depth, slope, bedload discharge and water discharge 
for bankful l  condit ions. The pert inent dimensionless groupings and 
result ing equations, developed and tested using data largely from Alberta 
gravel-bed r ivers, are as fol lows: 
Hc* = 3.56 x 10"6  Q*"1•0 7 5Q1-0 7 5  
S = 1 .37 x 104  Q*1  .062g-1.062 
B* = 3.09 x 106  Q*1-296^-0.296 
where B* = ®—; H* = ~~ Q = Q  
°50 C  50 foZ n 
( ^R g  D50 D  50^ 
Qs  
Q* = 
(  \ J r g  D 5 0  D 5 Q  )  
where: B = Top-bank width at dominant or bankful l  discharge 
Hc  = Center depth at dominant discharge 
D50 = Median pavement grain diameter 
Q and Q = Water discharge and dimensionless water discharge 
R = Submerged specif ic gravity of sediment 
g = Accelerat ion of gravity 
Q and Q = Volumetr ic gravel sediment discharge at dominant 
s  discharge and dimensionless sediment discharge 
•  
Hc  = Dimensionless depth of channel at center 
S = Dimensionless slope 
•  
B = Dimensionless channel width 
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These relat ionships were developed for condit ions similar to those 
found in the Canadian Border channel reach and other stable sect ions 
of the North Fork. To the extent that these relat ions universal ly 
apply to straight, gravel bed, r iver reaches as suggested by Parker 
(1978), they may be used to evaluate the affect of increased bed-
material  load on the width, depth, and slope of similar North Fork 
channel reaches. 
• • 
The relat ionships for Hc  ,  S and B give the amount of change in 
-k 
each of the variables, as bedload (Q ) is increased at a constant dis­
charge (Q). For example, a 30% increase in bedload, with no change in 
discharge, would result  in a 25% decrease in center depth, a 32% increase 
in slope and a 40% increase in width. Changes in depth, slope and width 
as a funct ion of various percentage increases in bedload, at constant 
discharge, are shown below: 
% increase* % decrease % increase % increase 
bedload (Q ) depth (H *) slope (S) width (B ) 
10 10 11 13 
20 18 21 27 
30 25 32 40 
40 32 43 55 
These percentage changes, al though approximate, i l lustrate the relat ive 
amounts of change in the channel variables for a given increase in 
bedload suppl ied. In general the changes indicate that as the bedload 
supply is increased, the channels width-depth rat io and channel slope 
increase. The decreased depth of f low and higher velocit ies result  in 
a channel which is more eff ic ient for transport ing bedload (Bagnold, 
1977). 
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Table 20. 
Summary of est imated mining and postmining 
sediment yield from the Cabin Creek mine si te 
M i n i n g  P e r i o d  
5 0  m g / 1  
S e d i m e n t  Y i e l d  
( T o n s / Y e a r )  
4 4 0  
S i  z e - d i s t r i b u t i o n  
w a s h  l o a d  
( 0.01 mm) 
A s s u m p t i o n s  
S e d i m e n t  p o n d s  a n d  d r a i n a g e  
d i t c h e s  p e r f o r m  p e r f e c t l y ;  
p o n d  e f f l u e n t  i s  a  c o n ­
s t a n t  5 0  m g / 1 ;  p o n d s  d i s ­
c h a r g e  m e a n  a n n u a l  r u n o f f  
f r o m  m i  n e  s  i t e ;  
8 0  t o  9 9 %  
p o n d  e f f i c i e n c y  1 4 , 0 0 0  t o  2 0 0 0  
P o s t - m i n i n g  P e r i o d  
9 0 %  r e c l a m a t i o n  1 1 , 0 0 0  
s u c c e s s  
w a s h  l o a d  
( 0 .01 mrr.) 
w a s h  
g r a v e l  s a n d  l o a d  
( T / Y r )  ( T / Y r )  ( " / Y r )  
2 , 7 5 0  5 5 0 0  2 , 7 5 0  
S e d i m e n t  p o n d s  t r a p  8 0  
t o  9 7 %  o f  s e d i m e n t  I n f l o w  
S e d i m e n t  y i e l d s  r e d u c e d  t o  
9 0 %  o f  3 8 . 9  t o n / a c  v a l u e  
d u r i n g  m i n i n g ;  m i n e  d r a i n a g e  
n e t w o r k  n o t  m a i n t a i n e d  
5 0 %  r e c l a m a t i o n  
s u c c e s s  5 8 , 0 0 0  1 * 1 , 5 0 0  
S e d i m e n t  y i e l d s  r e d u c e d  t o  
5 C 0  1  -  , 5 0 0  5 0 %  o f  3 3 . 9  t o n / a c  v a l u e  
c u r i n g  m i n i n g ;  m i n e  d r a i n a g e  
n e t w o r k  n o t  m a i n t a i n e d  
r e e l a m a t i o n  f a i 1 s  I Z O . C O O  3 0 , 0 0 0  6  i , 3 C 0  S e d i m e n t  y i e l d  r e m a i n s  a t  
l e v e l  a c h i e v e d  i n  y e a r  2 1  
o f  m i n i n g ;  m i n e  d r a i n a g e  
n e t w o r k  n o t  m a i n t a i n e d .  
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Table 21 
Potential  Percentage Increase in Bedload for the 
North Fork at B.C. During the Post-mining Period 
Bagnold 
(Tons/year) 
bedload 
increase 
(Tons/year) 
percent 
increase 
in Bedload 
Einstein 
(Tons/year) 
bedload 
i  ncrease 
(Tons/year) 
percent 
i  ncrease 
Bedload 
2750 22 2750 9 
12,300 14500 118 20800 14500 47 
30000 244 30000 97 
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Mean annual bedload est imates for the North Fork at Bri t ish 
Columbia were compared with the potential  amounts of gravel bed-material  
suppl ied to the North Fork during the post-mining period, to give an 
approximate indicat ion of channel response. The results are summarized 
in Table 21. The Bagnold and Einstein est imates when compared with the 
f i f ty percent reclamation bed-material  y ield (14,5000 tons), show 118% 
to 47% increases, respectively, in bedload supply to the channel reach. 
Values given for 90 percent reclamation (2,750 tons) indicate smaller 
increases in bedload suppl ied (22% to 9%), whi le sediment yields result ing 
from unsuccessful reclamation indicate very large (255% to 97%) increases 
in annual bedload suppl ied. An increase of 118% in bedload would greatly 
exceed the channel reache's transport capacity and probably cause 
braiding. An increase of 47% in bedload suggests the fol lowing approxi­
mate channel changes at bankful l  stage: A 55 percent increase in channel 
width, a 42% increase in channel slope, and a 32% decrease in channel 
depth. These channel changes would increase the channel '  s eff ic iency 
to transport the new imposed load. Channel adjustments and the overal l  
decrease in bed-material  size would increase the effect iveness of more 
frequently occurr ing f lood f lows to transport bedload. 
Di scussion 
Based on Parker's regime relat ions, i t  appears that increasing the 
mean annual bedload of the North Fork at B.C. by 14,500 and 30,000 tons 
would result  in a much wider, shal lower, steeper channel than presently 
exists. Also, since Parker's relat ions apply to gravel (bedload) discharge 
alone, the analysis ignores 75% of the addit ional potential  sediment 
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yield consist ing of sand, s i l t ,  and clay, which would be transported as 
suspended bed-material  or wash load. 
The f iner sand sized bed-material  would be transported in suspension 
during high f lows and as bedload at lower f lows. The overal l  effect of 
this material  would probably be to decrease the roughness of the channel.  
Channel roughness in gravel-bed r ivers is determined largely by the 
grain size of the surf icial  gravels and gravel-bar morphology (Parker 
and Peterson, 1980). As the grain size and rel ief of gravel bars de­
creases, the eff ic iency of sediment transport increases. Thus i t  can be 
expected that substantial  contr ibut ions of sediment from mining would 
also lead to a decrease of channel roughness. 
Parker's regime relat ions apply for equi l ibr ium channel condit ions, 
and indicate the new channel geometry which would be in equi l ibr ium 
with an increased sediment supply. Because an extended period of t ime 
would be required for the North Fork to reach the new equi l ibr ium, i t  
is doubtful that the amounts of change predicted using Parker's relat ions 
would actual ly be achieved over the relat ively short durat ion of mining. 
Recent studies show that ei ther channel aggradation or down-cutt ing may 
occur over the short-term without an appreciable change in channel slope 
(Leopold and Bul l ,  1979). Andrews (1982) states that because signif icant 
changes in slope require the redistr ibut ion of immense quanti t ies of 
sediment, slope adjustment is a long-term process and changes in channel 
configurat ion and hydraul ic roughness are more signif icant in maintaining 
equi l ibr ium over the short-term. In l ight of this, Parker's relat ions 
probably over est imate the increase in channel slope that would occur 
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over the short-term as the result  of increased bedload supply and may 
under est imate the increase in channel width. However, the regime re­
lat ions do show that a relat ively small  increase in bedload supply to 
the North Fork probably wi l l  result  in appreciable changes in channel 
width and depth of f low. 
Studies of gravel bed r ivers in Northern Cal i fornia by Knott (1971), 
Kelsey (1980) and Lisle (1982), i l lustrate the channel changes associated 
with large inf luxes of bed-material  derived by bank erosion and mass 
wasting during extreme f loods. Although the mechanism and circumstances 
of sediment introduction dif fer from those of coal mining, the overal l  
response of the channels provides an example of how gravel-bed r ivers 
respond to actual bed-material  increases. Lisle (1982) found that in 
general aggradation caused widening of channels, decreases in the grain 
size of bed-material ,  reduction in gravel bar rel ief,  and a lessening 
of the hydraul ic contrast between pools and r i f f les. The net result  was 
that aggradation increased the effect iveness of relat ively low f lows to 
transport bedload and shape the channel.  I f  mining contr ibutes sub­
stantial  amounts of bed-material  to the North Fork, similar downstream 
channel changes can be expected. 
These potential  channel changes demonstrate the importance of 
successful reclamation at the mine si te and proper performance of the 
mine drainage network, during and probably after mining. Given that 
there is some uncertainty as to the actual success of reclamation and 
performance of the mine drainage network, the potential  downstream 
channel changes also indicate the need for adequate monitoring of the 
North Fork's channel and sediment loads. 
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Potential  Effects of Forest Pract ices 
Suff icient research has been done regarding the effects of forest 
si  1vicultural act ivi t ies on water and sediment loads to state that 
normally an increase in water yield and sediment discharge occurs 
fol lowing vegetat ion removal (Hibbert,  1967; Krygier, 1970; Harr is, 1977; 
Rosgen, 1978; Beschta, 1978; Troendle, 1979; Meagahan, 1976; Lyons and 
Beschta, 1983). The amount and durat ion of the increase varies de­
pending upon the type of vegetat ion, local soi l  characterist ics, cl imate 
and type of disturbance. General ly, i t  is accepted that roads and skid 
trai ls,  especial ly in areas with potential ly unstable hi l l  slopes, are 
largely responsible for increases in sediment loads through increased 
slope erosion and induced mass fai lures (Megahan, 1976). Water y ield 
increases are general ly greatest from clear-cut lands where interception 
and evapotranspirat ion losses are reduced and snow accumulat ion is in­
creased (Delk, 1973). Studies of the effects of t imber harvest, 
especial ly clear-cutt ing, on the amount and t iming of run-off  in 
forested mountain watersheds are numerous but concurrent studies of 
effects upon total sediment loads and al terat ion of channel morphology 
are few (Leopold, 1982). 
Knowledge of the amount of vegetat ion that can be removed from a 
given drainage without result ing in decreased channel stabi l i ty or 
degradation of water qual i ty is cr i t ical for proper land management. 
However, s i te specif ic data for determining channel impact thresholds 
is general ly lacking on most forests. To date, for example, quanti tat ive 
research defining the inf luence of t imber harvest on the water and 
sediment y ield of tr ibutary drainages to the North Fork is extremely 
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l imited for the Flathead National Forest and vir tual ly non-existent in 
Canada. Land managers often must rely on regional data, extrapolated 
to the local si tuat ion, to est imate the distr ibut ion and al lowable amount 
of harvest in a drainage. Thus, even state-of-the-art,  forest water 
resources management models, such as HYSED, (USDA, 1980) which attempts 
to quanti fy changes in snowmelt run-off ,  sediment transport,  channel 
stabi l i ty and on-site soi l  losses associated with t imber harvest and road 
construct ion, are general ly l imited in appl icabi l i ty and accuracy by the 
lack of local cal ibrat ion data which are t ime consuming and expensive to 
col 1ect.  
Addit ional ly, within the Canadian port ion of the watershed, ex­
tensive t imber harvest has apparently taken place with l i t t le considerat ion 
given to predict ing or minimizing effects of forest clearing on water-
sediment yields; primary emphasis has been on attempts to control wide­
spread insect infestat ion. As discussed in the land use sect ion, the 
total amount of recently harvested land in the Sage Creek and Kishenehn 
2 Creek areas is expected to reach about 50 mi by 1986. This represents 
o  
about 30% of the total area (169 mi )  comprised by both drainages and 
12% of the Canadian port ion of the drainage. Based on previous ex­
perience in the Flathead National Forest,  i t  appears that t imber removal 
of this scale could have a measurable impact upon tr ibutary water-sediment 
yield, channel stabi l i ty and water qual i ty. These effects would probably 
be transmitted downstream. 
Several studies have recognized the past effects of t imber harvest 
on tr ibutary drainages in the Whitef ish Range. Signif icant acreages of 
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t imber were harvested, largely by clear-cutt ing, during the late 
1950's and 601s in the Canyon Creek, Big Creek, Coal Creek, Hay Creek, 
Moose Creek, Whale Creek and Tepee Creek drainages. Coupled with the 
loss of forest due to f i re, this resulted in the loss of as much as 10% 
to 40% of the vegetat ion within the drainages, which range in size from 
15 mi2  to 82 mi2 ,  (Hunter, 1977). Delk (1972; 1973) suggested that 
the clear-cutt ing and related road systems "had a tremendous impact on 
water qual i ty, quanti ty and t iming of run-off" with a result ing loss of 
channel stabi l i ty in several of the drainages. 
The relat ionship between land treatment and water-sediment yield 
was investigated by Weber (1977) who measured synoptic water qual i ty and 
2  water-sediment discharge for several small  ( .4 to 8 mi ) watersheds in 
the Flathead drainage over a one-year period. I t  was observed that 
within largely undisturbed drainages, total annual sediment yields 
2 were on the order of 1 to 30 tons/mi /yr.  Drainages which recently had 
been extensively logged and roaded (20 to 30%) had sediment yields 
2 ranging from about 40 to 370 tons/mi /yr.  The latter sediment y ield 
value is close to the unit  average annual total load (340 to 380 
tons/mi /yr) est imated for the North Fork, north of the Canadian border. 
Thus, whi le the effects of forest pract ices have been general ly demon­
strated for several small  watersheds in the Flathead National Forest,  
the precise effects of si lv iculture on water-sediment budgets has not.  
Given the proport ions of insect infected forest within the drainage, 
i t  appears that the potential  for creating tr ibutary water-sediment 
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yield problems similar to those of the past, cannot be ignored. With 
respect to the maintenance of the North Fork's exist ing channel stabi l i ty 
and water qual i ty, i t  is important that the col lect ive effects of forest 
pract ices on water-sediment yields to the North Fork be analyzed. Al­
though potential  water-sediment yield problems may be considered for 
North Fork tr ibutaries on an individual basis, the downstream cumulat ive 
impact upon the North Fork appears to be given l i t t le considerat ion by 
agencies responsible for managing North Fork land. This is potential ly 
a serious problem since small  or moderate increases in the water-sediment 
yield from many individual North Fork tr ibutaries could result  in a 
cumulat ive downstream increase in water-sediment yield to the North Fork, 
which would decrease water qual i ty and channel stabi l i ty.  
CHAPTER V 
SUMMARY AND RECOMMENDATIONS 
Fluvial Geomorphology 
Geomorphic mapping of the North Fork from the Canadian Border to 
i ts confluence with the Middle Fork shows that the North Fork displays 
a variety of channel patterns and range of channel stabi l i ty.  The 
sect ion of channel extending from one mile south of Polebridge, MT 
to near the confluence of the North Fork and Camas Creek is dominately 
unstable whi le the remainder of the channel studied is largely stable. 
Stable reaches of the North Fork are characterized by single channels, 
with lower rates of lateral channel migrat ion and smaller volumes of 
sediment in storage within the act ive f loodplain. In contrast,  unstable 
channel reaches have mult iple channels, with large volumes of sediment 
stored as gravel bars and islands. Channel detai l  in the act ive f lood-
plain (excluding wel l  vegetated islands) changes more frequently in 
unstable reaches due to rapid lateral channel migrat ion, cut-offs, and 
general redistr ibut ion of act ive f loodplain sediments. 
Analysis of the total percentage of eroding channel bank in 26 
reaches indicates that unstable channel sect ions are associated with a 
higher percentage than stable reaches. Sediment contr ibut ions to the 
North Fork through bank erosion along steep r iver terraces appears to 
exert a strong inf luence on downstream channel morphology. These major 
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bank sediment sources occur throughout the drainage but are most pro­
nounced in the previously mentioned sect ion of largely unstable channel.  
While no specif ic hydraul ic data were col lected for unstable channel 
reaches, channel mapping and the l i terature indicate that these mult iple 
channel braided reaches are wider, shal lower and somewhat steeper than 
stable sect ions. 
The channel of the North Fork ranges in pattern from nearly straight 
to highly meandering. Relat ively straight channel reaches have sinu­
osit ies in the range of 1.05 to 1.1 and ref lect either wide braided 
channel reaches or sect ions of channel part ly incised into Tert iary 
claystone. While the channel pattern of these reaches is of low 
sinuosity at bankful l ,  during lower f lows the thalweg of the channel 
tends to meander within the act ive f loodplain. Reaches of relat ively 
high sinuosity, 1.4 to 1.8, occur within the upper and lower sect ions 
of channel studied. The maximum value of 1.81 is associated with a 
local ly steeper val ley slope and channel control by cohesive claystone. 
Analysis of the interrelat ionship between channel pattern and val ley 
slope reveals a general tendency for higher sinuosit ies to occur on 
steeper val ley slopes, as expected, but that the factors such as reach 
proximity to major sediment sources and bedrock controls are also in-
f l  uential .  
Vigi l  Network 
A Vigi l  network of 11 channel geometry monitoring stat ions was 
establ ished for the North Fork and select tr ibutaries. At each si te 
channel width, depth, slope and bed-sediment characterist ics were measured. 
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Detai led photography and descript ion of f loodplain and r iparian vege­
tat ion further describe the si tes. The si tes provide addit ional base­
l ine descript ion of channel characterist ics and the hydraul ic data 
necessary to calculate the downstream hydraul ic geometry of the North 
Fork. 
Hydraul ic Geometry 
Self- formed al luvial channels adjust their channel dimensions to 
the prevai l ing supply of water and sediment. The downstream hydraul ic 
geometry of a watershed describes how channel width (w), depth (d),  
and velocity (v),  vary for a constant f low frequency as discharge 
increases downstream. 
Downstream hydraul ic relat ions were developed for the eleven North 
Fork stat ions by plott ing w, d, and v versus bankful l  (dominant) dis­
charge at the si tes. Discharges were determined using the Manning 
equation and data derived from f ield surveys of bankful l  stage. Because 
the North Fork is sl ight ly incised into adjacent al luvium, bankful l  
stage did not usual ly coincide with the elevation of the val ley f lat 
adjacent to the r iver. However, i t  was possible to identi fy bankful l  
using various geomorphic, sediment and botanic evidence. Bankful l  or 
the channel forming dominant discharge was found to be close to the 1.5 
recurrence interval f lood (annual maximum series). 
Downstream hydraul ic geometry relat ions for the North Fork are as 
fol1ows: 
52 w = 2.1 Qb" 
39 d = .17 Qb*J y  
1 3 4  
The coeff icients and exponents of relat ions are similar to those of 
other gravel bed r ivers and indicate the relat ive amounts of increase 
in each variable as discharge increases downstream. For a given increase 
in discharge, width increases 52%, depth 39% and velocity 9%. Thus, 
width absorbs more of the change than depth and as the channel increases 
in size downstream, so does the width-depth rat io. Dimensionless 
downstream hydraul ic geometry relat ions indicate that the North Fork 
is hydraul ical ly similar to other gravel-bed r ivers. Col lect ively these 
relat ions empir ical ly describe how the North Fork's channel has ad­
justed to the imposed water/sediment load and provide a basis for 
est imating the potential  effect of increased sediment loads on down­
stream channel characterist ics of the North Fork. 
Sediment Yield 
Mean annual sediment yields were calculated from stream f low and 
sediment data for the two North Fork gaging stat ions; the North Fork 
at Bri t ish Columbia (B.C.) and the North Fork near Columbia Fal ls. 
Using the f low-durat ion sediment-transport-curve method and suspended-
sediment data col lected by the U.S. Geological Survey (1976-77 water 
years), mean annual suspended-sediment loads were est imated to be 
o 
132,000 tons/year (310 tons/mi ) at the Canadian border stat ion and 
2 
277,500 tons/year (179 tons/mi ) for the stat ion near Columbia Fal ls. 
The decl ine in sediment y ield with increasing drainage area is in 
accordance with f indings in other r iver drainages but di f fers from those 
found in the Kootenai and Bit terroot River basins. General ly the mean 
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annual suspended sediment yields calculated for the two North Fork 
stat ions are within the range of values expected for forested mountain 
watersheds in the upper Columbia River basin. However, compared with 
the Kootenai and Bit terroot River basins, the North Fork drainage yields 
about f ive t imes the amount of suspended sediment for a drainage area 
2 2 of 427 mi and about two t imes as much for an area of 1548 mi .  
Bedload discharge of the North Fork for the Canadian border stat ion 
was calculated using the Meyer-Peter and Muller,  Leopold-Emmett,  
Einstein and Bagnold relat ions with hydraul ic and bed-sediment data 
col lected for the channel reach. Bedload was est imated to range from 
about 9% (12,300 tons Bagnold) to 21% (34,400 tons -  Leopold and Emmett) 
of the mean annual total sediment load (144,500 tons/year to 166,700 
tons/year).  
At the Canadian Border stat ion mean dai ly discharges in the range 
of 4600 to 8800 cfs transport more than 80% of the annual suspended 
sediment load and 50 to 76% of the annual bedload discharge. Mean 
dai ly f lows of 4600 to 8800 cfs have recurrence intervals of 1.1 to 
4 years, respectively and occur 5% of the t ime (18 days/year) on an 
annual average basis. 
Potential  Effects of Land Use 
Coal Development 
Sage Creek Coal,  LTD., pending approval of Bri t ish Columbia regula­
tory agencies, is developing a coal pi t  mine about eight miles north 
1 3 6  
of the Canadian Border. Two prominent hi l ls,  one on ei ther side 
(North and South) of Cabin Creek contain 152 mil l ion tons of recoverable, 
metal lurgical grade, bituminous coal.  Present development plans cal l  for 
a twenty-one year mine l i fe with 2.4 mil l ion tons of clean coal produced 
annual ly. The Company expects that about eight square miles of land 
within the Cabin and Howell  Creek watersheds wi l l  be disturbed by the 
open pi ts, waste dumps, haul roads, coal washing faci l i t ies, tai l ings 
and sediment ponds. 
The cl imate, steepness of the terrain, composit ion of overburden 
materials, and the style of mining (contour-str ipping), indicate a high 
potential  for erosion and sediment production from the mine si te. 
During mining, the performance of the mine drainage and sediment de­
tent ion network would determine the amount of sediment contr ibuted by 
the mine to the North Fork. Once mining has ceased, sediment y ield 
from the mine si te would be determined by the success of reclamation 
and the maintenance of the mine drainage network. 
Estimates of potential  sediment yields from the mine si te show that 
during mining, i f  the drainage network performs properly, the downstream 
affect of the project on the hydraul ic geometry of the North Fork would 
be minimal. In this case, sediment y ield from the mine si te would con­
sist of material  f iner than 0.01 mm or washload which would be trans­
ported by al l  r iver f lows; sediment yields would probably range from 
about 440 tons/year to 14,000 tons/year. While this could affect down­
stream water qual i ty, i t  would not affect the North Fork's f luvial 
geomorphology. However, because of their proximity to Cabin Creek and 
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Howell  Creek, i f  mass fai lures occurred in the waste dumps, s ignif icant 
amounts of sediment would be introduced to the North Fork, ul t imately 
result ing in altered downstream channel morphology. 
Once mining has ceased, i f  the mine drainage network and sediment 
ponds were not maintained into the post-mining period and reclamation 
efforts were largely unsuccessful,  the mine could contr ibute about 
120,000 tons/year --  an amount roughly equivalent to the mean annual 
suspended load of the North Fork at the Canadian Border. I f  reclamation 
were successful at reducing the post-mining sediment y ield of the mine 
si te by 50 percent, the annual contr ibut ion of the mine to the North 
Fork would be about 58,000 tons/year. With a 90 percent reduction, 
the annual y ield to the North Fork would be approximately 11,000 tons. 
While these sediment y ield est imates are based on various assumptions 
regarding mine development and are approximate, they indicate the im­
portance of successful reclamation or maintenance of the mine drainage 
network into the post-mining period. 
Potential  Downstream Channel Changes 
The downstream channel changes result ing from coal development at 
Cabin Creek could be relat ively large or small ,  depending upon the per­
formance of the mine drainage network and success of reclamation. 
During mining, i f  the network funct ions properly, only sediment f iner 
than 0.01 mm would be introduced to the North Fork. This sediment would 
not affect downstream channel form or processes, but could affect water 
qual i  ty.  
Contr ibut ions of bed-material  (sediment coarser than 0.0625 mm) 
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f rom the mining operat ion, especial ly gravel and coarse sand, could 
affect downstream channel geometry and the size-distr ibut ion of bed-
sediment in the North Fork. Bed-material  would be suppl ied from the 
mine si te i f  the mine drainage-sediment detention network funct ions 
poorly, during or after mining --  especial ly i f  reclamation were less 
successful than anticipated and the network were not maintained. 
The potential  channel changes that could occur as the result  of 
increases in the North Fork's bed-material  supply were est imated using 
the rat ional regime relat ions developed for gravel bed r ivers by Parker 
(1978). These relat ions show the interrelat ionship between gravel 
sediment discharge, water discharge, channel width, depth and slope at 
bankful l  or dominant discharge. Appl ied to the Canadian border channel 
reach the relat ions predict that as bed-material  supply is increased to 
the North Fork, the channel reach would become steeper, the depth of 
f low would decrease, and channel width would increase. For example, 
with 50 percent reclamation success, 58,000 tons/year of sediment could 
be contr ibuted to the North Fork. Assuming 25 percent (14,500 tons) is 
gravel size material ,  this suggests an est imated 47% to 118% increase 
in bedload over the mean annual bedload discharges est imated with the 
Bagnold and Einstein methods. An increase of 118% in bedload would 
greatly exceed the channel reache's transport capacity and probably 
cause braiding. An increase of 47% in bedload suggests the fol lowing 
approximate channel changes at bankful l  stage: A 55 percent increase 
in channel width, a 42% increase in channel slope, and a 32% decrease 
in channel depth. These channel changes would increase the channel 's 
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eff iciency to transport the new imposed load. Channel adjustments and 
the overal l  decrease in bed-material  size would increase the effect ive­
ness of more frequently occurr ing f lood f lows to transport bedload. 
Effects of Forest Pract ices 
The effects of forest pract ices on the water-sediment yields of 
North Fork tr ibutaries had received only l imited study within the United 
States and almost none within the Canadian port ion of the drainage. 
Past experience in the drainage, pr imari ly in the Whitef ish Range, in­
dicates that large scale removal of t imber and associated roading may 
s ignif icantly increase water-sediment yields over at least the short 
term (5-10 yrs).  Given the large-scale t imber harvest presently 
occurr ing in response to widespread insect infestat ion, i t  can be ex­
pected that problems similar to those of the past wi l l  occur within the 
drainage. The paucity of data describing the effects of various si l -
vicultural treatment on water-sediment yields and the lack of an up-to-
date, basin-wide land use inventory precluded assessment of the impacts 
of forest management on the North Fork. Monitoring of annual water-
sediment yields from disturbed and undisturbed drainages should be a 
high watershed management pr ior i ty in the Flathead drainage. 
Recommendations 
Monitoring of Sediment Yields and Channel Processes 
Careful ly planned water qual i ty and sediment monitoring of the mine 
si te prior to, during, and after mining is in the best interests of the 
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Company, Bri t ish Columbia, and the State of Montana. This is especial ly 
true because of the rapid nature of land use changes occurr ing throughout 
the watershed-most notably, extensive t imber harvest. A wel l  designed 
monitoring program would al low discrimination between sediment or water 
qual i ty impacts due to mine development and those which may be due to 
other land uses. 
Limited water qual i ty and stream f low data have been col lected in 
the vicini ty of the mine si te, (Sage Cr. Coal,  LTD., 1982). Sediment 
data has been col lected on a sporadic basis at several locations but not 
with suff ic ient frequency to establ ish pre-mine sediment yields from the 
si te. The sediment data reported by Knapton (1978), represent the only 
detai led basel ine sediment y ield values for the North Fork drainage. 
Monitoring of sediment yields during and after mining could be 
accomplished by col lect ing suff ic ient dai ly discharge and sediment load 
measurements at several locations on Cabin Creek and Howell  Creek, to 
compute annual sediment budgets for the mine si te. Measurement of dai ly 
suspended sediment at the Canadian border gaging stat ion would augment 
the analysis. Downstream channel changes can be monitored through 
repeated survey and examination of VIGIL Network si tes, long-term ob­
servation of variat ions in bed-material  size distr ibut ion of various channel 
reaches, and the geomorphic interpretat ion of appropriate aerial  
photographs. 
In the fol lowing, detai ls are given for a program designed to monitor 
a total annual sediment loads from the mine si te, and annual suspended-
sediment loads for the North Fork at Bri t ish Columbia. The recommended 
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approach would provide the data necessary to accurately define the 
sediment y ield from the mine si te during and after mining. 
Proposed Monitoring Program 
Current stream gaging stat ions in the vicini ty of the mine si te 
(Fig. 23) are operated by the Canadian Water Survey. The stat ion 
designated 08NP001 is the Canadian Border stat ion which is joint ly 
maintained by the U.S. Geological Survey (12-3550). With the estab­
l ished gaging stat ions in the vicini ty of the mine si te i t  would be 
necessary to measure sediment loads at both locations on Cabin Creek 
and Howell  Creek. Ideal ly, an addit ional gaging stat ion located below 
the confluence of the two creeks would provide a single sampling si te 
which could be sampled frequently during runoff and accurately describe 
the total sediment contr ibut ion from the si te. Concurrent sampling 
at the two upstream sites would provide more specif ic information on 
the source of the sediment. 
Measurements at al l  si tes should include dai ly, (hourly during 
storms) depth-integrated, suspended-sediment sampling suff ic ient to 
develop rat ing curves and calculate suspended sediment discharges, 
(Guy and Norman, 1970; Porterf ield, 1972). Suspended load and bedload 
sediment discharge should be measured at a gaging stat ion downstream 
of the confluence of Cabin Creek and Howell  Creeks, wel l  below the actual 
mine si te. 
Bedload measurements, though di f f icult  and somewhat cost ly to obtain, 
would be feasible on a stream the size of Howell  Creek. Bedload should 
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Figure 23. Stream gauging stat ions currently operat ing in the 
upper North Fork Flathead r iver basin. 
1 4 3  
be sampled using a large ori f ice Helly-Smith bedload sampler and the 
methods of Emmett (1980). A cable-way would be required for measurements 
at high f lows. Suff icient bedload samples should be analyzed to 
determine the size distr ibut ion of sediment transported. Al l  data 
col lected should be publ ished annual ly or otherwise made avai lable for 
review by appropriate land managing agencies in the North Fork. 
The sediment sampling described above would al low calculat ion of 
the total annual sediment y ield to the North Fork from Cabin Creek and 
Howell  Creek. Any increase in annual sediment loads would ref lect 
sediment contr ibut ions due to mining. I f  at some point extensive develop­
ment in the two watersheds upstream from the mine si te were to occur, 
addit ional sampling stat ions could be establ ished just upstream of the 
mine si te to determine the affect of the addit ional development on 
sediment loads. 
Suspended-sediment sampling at the North Fork Canadian border 
stat ion would provide a record of annual suspended loads. I f  col lected 
on a continuing basis, these data would be useful in evaluating the 
effects of continuing Canadian development in the watershed. A problem 
with the isolated use of this stat ion to monitor Cabin Creek sediment 
contr ibut ions to the North Fork is that other sources also may con­
tr ibute to the sediment load as wel l .  A not iceable increase in annual 
sediment discharge at the Border stat ion could be due to coal mining or 
another land use such as t imber harvest. Thus, in order to accurately 
determine the sediment contr ibut ions from mining, i t  would be necessary 
to measure sediment loads at or very near the mine si te. 
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An addit ional,  somewhat inexpensive, method of identi fying sources 
of suspended sediment using remote sensing techniques could be used to 
document specif ic,  sediment contr ibut ing si tes. Rosgen (1973) used 
low alt i tude, false-color infared photography, in conjunction with con­
current sampling of suspended loads, to define relat ionships between image 
density and sediment concentrat ions in the Madison River in southwestern 
Montana. The imagery clearly indicated sediment sources within the 
drainage and gave a rough approximation of the amounts contr ibuted from 
various areas. Careful appl icat ion of the technique would probably 
yield similar information for the North Fork. 
Apol icat ion of Data 
The data and analysis presented have other useful appl icat ions. 
The channel mapping and classif icat ion defines homogeneous r iver reaches 
from a geomorphic perspective. I t  is expected that other r iverine 
characterist ics, such as hydraul ics of the channels, distr ibut ion and 
composit ion of f loodplain plant communit ies, and to an extent, the 
qual i ty and abundance of aquatic habitat,  might be related to or in­
f luenced by the level of channel stabi l i ty over a given reach. This 
has important impl icat ions for the design of future studies, especial ly 
those which involve hydraul ic analysis, such as in-stream f low deter­
minations, and other investigat ions which involve comparisons among 
representat ive si tes. 
For example, a common method of in-stream f low determination used 
is the incremental method developed by Bovee (1978). In this method, 
based on f ield observations at a single discharge, the user calculates 
the water surface prof i les through a selected channel reach for a range 
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of discharges. The prof i le calculat ion also gives the hydraul ic 
propert ies of the reach (width, depth, velocity) and for each discharge, 
various parameters describing the qual i ty and avai labi l i ty of aquatic 
habitat may be specif ied. General ly, an optimal in-stream f low for 
maintenance of aquatic habitat may be determined using the method. 
In the North Fork drainage, studies for in-stream f low determinations 
would need to discriminate between stable and unstable channel reaches 
in order to ensure val id comparison of si tes. This is because the 
at-a-stat ion hydraul ic geometry of braided and single channel reaches 
would be di f ferent; at the same f low, the mult iple channel network 
would general ly be wider, shal lower and steeper than a single channel 
reach. Perhaps more important, f low increases in a braided reach, 
may result  in complex and unpredictable changes in f low distr ibut ion 
which can only be determined through detai led study (Mosley, 1982). 
Recognizing this, more effort  could be given to describing f low in the 
North Fork's braided reaches. Addit ional ly, study reaches could be 
designed to al low comparison between stable and unstable reaches at the 
same f low over a range of discharges. 
Various land classif icat ions for management purposes should recognize 
the exist ing variat ions in channel stabi l i ty and other f loodplain 
characterist ics. The areas mapped as the act ive f loodplain are f lood 
prone and subject to relat ively frequent inundation, sediment transport,  
and deposit ion. General ly areas outside the f i rst major terrace, as 
mapped on plates Al-14, Appendix A, are never inundated. 
Considerat ion should be given to the development of r iver manage­
ment strategies which maintain the present relat ive state of geomorphic 
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equi l ibr ium of the channel network. In part icular, land managers 
should appreciate and consider the potential  cumulat ive effects that 
coal mining, t imber harvest, and many other small  developments may 
have on the North Fork. 
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APPENDIX A 
Mapping methods and Fluvial Geomorphic Maps of the 
North Fork Flathead River from the Canadian Border 
to the confluence with the Middle Fork Flathead 
Ri ver. 
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Channel Mapping Methods 
Broad scale mapping from the confluence to about four miles below 
Polebridge (Plates A1-A7) is based on the U. S. Geological Survey 
topographic maps and stereoscopic interpretat ion of the 8/8/72 air  
photos. From four miles below Polebridge to the Canadian Border 
(Plates A8-A14), the detai led channel mapping is based on stereo-
plotter mapping using the 8/8/72 photos. 
Detai led channel mapping was accomplished using a Gal l i leo-
Santioni stereo plotter with pantograph and air  photos taken 8/8/72 
(scale 1:63,360). U. S. Geological Survey topography maps (scale 
1:24,000), prepared from aerial  photography of 7/25/65 were used as 
base maps for the mapping. Within the North Fork River val ley, 
suff ic ient reference points (bench marks, road intersections, etc.) 
with known elevation were avai lable to provide control for the mapping. 
Mean dai ly discharges on 8/8/72 were 680 cfs and 2860 cfs for the North 
Fork at B. C. and near Columbia Fal ls stream gaging stat ions. Similar ly, 
r iver f lows for the two respective stat ions were 744 cfs and 2090 cfs 
on 7/25/65. Thus r iver discharges were equivalent at the t ime of the 
1965 and 1972 photography; any major di f ferences in water surface width 
and posit ion primari ly ref lect changes in channel configurat ion and 
not variat ions in r iver discharge. 
The fol lowing r iver features were mapped in plan view: the edge 
of the act ive f loodplain, the water surface at the t ime of photography; 
the distr ibut ion of gravel bars in the channel,  is lands support ing wel l  
developed vegetat ion, eroding channel banks, major bank erosion sediment 
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sources, bedrock outcropping exposed in the channel banks, and the 
f i rst major r iver terrace ajdacent to the r iver (Table A1). Magnif icat ion 
and resolut ion given by the stereoplotter was suff ic ient to al low 
accurate del ineation of most r iver features except the location of bed­
rock in the channel banks. Within the 28 mile reach from the Canadian 
Border to four miles below Polebridge, bedrock exposures were mapped 
on the basis of addit ional f ield work and are reasonably accurate. 
From four miles below Polebridge to the Middle Fork, bedrock exposures 
are mapped mainly on the basis of stereoscopic examination of the 
8/8/72 air  photos and l imited f ield reconnaissance. This latter mapping 
probably does not include al l  bedrock exposures. 
Table Al.  
Description of and criteria for defining river features mapped -- North Fork Flathead River 
Rive r  Fea tu re  Desc r ip t i on  and  C r i t e r i a  
Ac t i ve  f l oodp la in  
Wate rs  edge  
Grave l  ba rs  
Grave l  ba rs  w i th  
vege ta t i on  
E rod ing  channe l  banks  
Ma jo r  bank  e ros ion  
sed imen t  sou rces  
Cor responds  t o  the  boundary  o f  recen t l y  t ranspor ted  f l uv ia l  sed imen ts .  I n  a reas  o f  we l l  de f i ned  channe l  
banks ,  t he  bank  rep resen ts  the  edge  o f  t he  ac t i ve  f l oodp la in .  Fo r  a reas  l ack ing  we l l  de f i ned  banks  n  
was  de f i ned  by  the  l a te ra l  d i s t r i bu t i on  o f  un -vege ta ted  bed -sed imen t .  Genera l l y ,  as  mapped ,  t he  un i t  
rep resen ts  the  boundary  o f  r i ve r  f l ow  a t  an  i n te rmed ia te  d i scha rge  app rox ima te l y  equ iva len t  t o  a  l .S  to  
5  year  f l ood .  
Represen ts  the  l oca t i on  o f  the  wa te r  su r face  when  the  respec t i ve  a i r  pho tos  were  f l own .  
Show the  d i s t r i bu t i on  o f  un -vege ta ted  bed -sed imen t  exposed  w i th in  the  channe l  a t  the  t ime  o f  ae r ia l  
pho tog raphy ,  t pc ludes  po in t  ba rs ,  s ide -ba rs ,  m id -channe l  ba rs ,  d iagona l  ba rs ,  and  d iamond  ba rs .  
I nc ludes  g rave l  ba rs  o r  po r t i ons  o f  g rave l  ba rs  and  i s l ands  w i th  ex tens i ve  r i pa r ian  p lan t  comnun i t i es  
no rma l l y  i nc lud ing  dense  g rowths  o f  woody  vege ta t i on .  
A reas  o f  bank  e ros ion .  De f ined  based  on  l oca t i on  w i th in  channe l  and  bank  morpho logy .  E rod ing  banks  
no rma l l y  a ie  s teep  and  under  cu t  w i th  bank  vege ta t i on  ( t rees )  i nc l i ned  towards  wa te r  su r face .  
[ t o i l i ng  channe l  banks  w i th  re l i e f  o f  app rox ima te l y  40  t o  100  f t .  above  the  channe l .  Usua l l y  occu r  
where  t he  channe l  imp inges  on  ma jo r  t e r races .  Sed imen t  i s  usua l l y  coa rse  g ra ined  g lac ia l  
ou twa  sh .  
Major  r iver  terrace Genera l l y  co r responds  t o  the  f i r s t  r i ve r  te r race  ad jacen t  t o  the  channe l  w i th  re l i e f  usua l l y  g rea te r  
than  40  fee t .  The  area  be tween t e r races  de f i nes  the  boundary  o f  l a te ra l  channe l  ac t i v i t y  ove r  the  pas t  
severa l  t housand  years .  May a lso  rep resen t  na tu ra l  boundary  (e .g .  bed rock ,  canyon  wa l l )  o f  t he  h i s to r i c  
f l oodp la in .  
Bedrock outcroppings Represen t  exposures  o f  t e r t i a ry  Mshenchn  Fm.  bedrock  i n  the  channe l  banks ,  above  Camus  Creek ' s  
con f luence  w i th  t h e  Nor th  Fo rk ,  and  PreCambr ian  metased lmen ts  b e l o w  Camus  Creek .  
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APPENDIX B 
Channel Classi f icat ion and Analysis of  
Channel Pattern and Prof i les. 
1 7 7  
Channel Classi f icat ion 
The North Fork from i ts junct ion with the Middle Fork to the 
Canadian Border (58.1 r iver mi les) was div ided into 26 channel reaches 
(Figures 9, 10, and 11),  ranging in length from 0.5 mi les to 4 mi les. 
Channel reaches were def ined maninly on the basis r iver slope in that 
each contour l ine (normal ly 40 feet,  on 1:24,000 scale U. S. Geological  
Survey topographic maps) was taken as an end point for a reach. Thus, 
the reach length shortens with increasing channel s lope and gives more 
detai l  in the steeper sect ions of the channel.  Whi le this is a somewhat 
arbi trary means for ident i fy ing reaches, i t  was found that reach lengths 
of  0.5 to 4 mi les were adequate to al low subsequent regrouping of 
stat ions to def ine geomorphica1ly homogeneous reaches. 
For each study reach, channel character ist ies were described accordi  
to cr i ter ia shown in Figure Bl ,  which summarizes the Canadian Border 
reach. A channel stabi l i ty hierarchy was developed, based pr imari ly on 
the morphology and distr ibut ion of gravel bars in the channel,  and 
degree of  lateral  channel act iv i ty.  Table Bl  gives the results of the 
channel reach descript ion. 
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Figure Bl .  Channel reach descript ion for the Canadian Border rea 
of the North Fork Flathead r iver.  
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Table Bl .  
Results of  channel reach descr ipt ion-
North Fork Flathead River 
Channel 
Reach 
Ri ver 
Reach 
Length 
( f t )  
% Total  
banks 
Al lu- Bed-
vium rock 
% Eroding 
Bank-
Total Bank 
Length 
Major 
sed. source 
% Ft.  
Total  % 
Erodi ng 
Bank 
1 Channel^ 
Stab i1 i ty 
CI ass i  f i -
cat ion 
1 10,600 f t  100% 0 26% 2% >i:0 f t  28% 50% S, 50% Su 
2 7,000 100 0 30 8 1 ICQ 38 100% S 
3 8,600 93 7 1? 0 0 19 ioo°;  s 
4 14,800 95 5 16 10 3D 00 26 c j  ', 0 S u,  /  5 '  0 S 
5 14,200 100 0? 16 1 3 3600 29 10% Su, 90% S 
6 14,600 100 0? 36 14 4000 50 20% Su, 80% S 
7 16,600 91 9 19 5 1800 24 100% S 
8 8,400 91 9 19 0 0 19 100% S 
9 11,000 100 0 32 0 0 32 80% S, 20% Su 
10 18,400 100 0 35 16 6000 51 50% ,  50% H 
11 16,800 100 0 36 17 4600 53 60% H, J0% M 
12 11,200 100 0 43 19 4200 67 6 5 % H ,  3 5 % 
13 18,600 94 6 30 22 8000 52 50% H, 3 5 %  
15% Su 
14 12 ,800 100 0 51 3 800 54 70% Su, 30% M 
15 12 ,800 100 0 53 7 1800 60 70 % Su ,  30 % M 
16 14,400 77 23 47 10 3000 5 7 100% Su 
17 13,400 75 25 34 10 2800 
. 1  1  M- 30% Su, 70% S 
18 13,600 80 20 -0 19 5200 55 30% Su, 70% S 
19 10,100 94 6 64 0 0 54 ^ 0 3 1 U »o OvJ 
20 9,200 68 32 1 9 24 4 4C3 43 100% Su 
21 11,400 £5 1- 39 
1  
4 - 1000 ^ u 1 0 0 %  s 
22 6,000 100 0 67 0 •J 67 100% M 
23 5,800 90 10 71 0 0 71 
• I  p  rs  z t  
1  U  0  . 1  
24 11 ,000 70 30 35 4 800 39 90% S, 10% M 
25 7,600 100 0 47 13 2 0  C O  50 1 00 % M 
26 2,200 100 0? 23 0 0 23 100% S 
^Total  % eroding bank % eroding bank + total  bank length-
major sediment source. 
^Channel stabi l i ty:  S=stable, Su=sl ight ly unstable, M=moderately 
unstable, H=Highly unstable. 
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River and Val ley Prof i les 
Data were taken from U. S. Geological  Survey 1:24,000 scale 
topographic maps and the stereoplotter mapping (Appendix A, Plates Al-
A14).  Al l  r iver or land elevat ions for the analysis were taken from 
the U.S.G.S. topographic maps. Plan distances were measured on Plates 
A1-A14. The stat ioning used was the same as for the channel reach and 
stabi l i ty descript ions (Figures 9-11).  
Based on inspect ion of the 1972 air  photos and comparison with 
the 1966 topographic maps, below stat ion 10 the channel changed l i t t le 
over the 7 year period (map based on 1965 photos).  Hence measurements 
made using the maps presented in Appendix A are general ly representa­
t ive of the North Fork's plan channel conf igurat ion in 1972. Within 
the channel extending upstream from stat ion 12, several  changes in 
thalweg locat ion through channel cut-offs were shown by the 1972 mapping. 
These resulted in reduct ions of channel length and a di f ferent sinuosity 
and r iver slope than would have been given by the 1966 U.S.G.S. map. 
Only 1972 data were used in this analysis.  
The longitudinal prof i le used in this study was developed by plot t ing 
the elevat ion of the r iver at the stat ion versus the horizontal  distance 
from the mouth of  the r iver,  in this case, the North Fork's junct ion 
with the Middle Fork. Horizontal  distance was measured along the thalweg 
of the channel.  In braided or mult iple channel reaches the distance was 
measured along the geometr ic center of  the act ive f loodplain. River 
elevat ions were taken from bench marks adjacent to the channel or where 
map contour l ines (mormal ly 40 f t  elevat ion intervals intersect the channel.  
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The longitudinal val ley prof i le was def ined in a s imi lar fashion. 
Horizontal  val ley distance was measured along the r iver by summing the 
straight l ine segments between inf lect ion points along the r iver from 
the Middle Fork junct ion. This method ensures that val ley lengths are 
representat ive of the actual al luvial  r iver val ley and not structural  
val ley in which the r iver f lows. Val ley elevat ions at the stat ions were 
est imated from the topographic maps and general ly represent the ele­
vat ion of the al luvial  val ley surface immediately adjacent to the r iver 
channel.  Usual ly this corresponds to the mean al t i tude of f loodplain 
area located between the r iver channel,  and the f i rst  major r iver 
terrace. In several  areas the r iver is constr icted and the val ley surface 
adjacent to the r iver is poorly def ined, such as in the lower sect ion 
of the r iver between Stat ions 3 and 6. Here the val ley elevat ion was 
est imated from terrace remnants and interpolated as the mean elevat ion 
of the val ley al luvium between the r iver and constraining features 
( e . g .  b e d r o c k  c l i f f ) .  
Horizontal  r iver and val ley distances between stat ions and the 
r iver and val ley elevat ions at the stat ions are given in Table B2. 
These data were used to plot the val ley and r iver prof i les of the North 
Fork and to compute the r iver and val ley slopes and sinuosit ies for the 
26 channel reaches. 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
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Table B2. 
Data for r iver and val ley prof i les and sinuos­
i ty of the North Fork Flathead River.  
Channel 
reach 
Ri ver1  
elevat i  on 
( f t )  
Ri ver 
1ength 
( f t )  
Val ley1  
elevat i  on 
( f t )  
Val ley 
1ength 
( f t )  
0 3100 0 3115 0 
1 3120 10600 3140 8200 
2 3140 7000 3150 6400 
3 3160 8600 3180 7200 
4 3200 14800 3240 11000 
5 3240 14200 3300 12000 
6 3280 14600 3320 12400 
7 3320 16600 3350 11800 
8 3349 8400 3360 7000 
9 3360 11000 3370 9800 
10 3400 18400 3400 17400 
11 3440 16800 3450 15000 
12 3480 11200 3500 10400 
13 3520 18600 3530 17600 
14 3560 12800 3566 12600 
15 3600 12800 3620 11400 
16 3640 14400 3680 11800 
17 3680 13400 3700 9800 
18 3720 13600 3740 8600 
19 3760 10100 3780 8400 
20 3800 9200 3840 5000 
21 3840 11400 3860 10200 
22 3869 6000 3880 5200 
23 3880 5800 3920 4600 
24 3920 11000 3940 10000 
25 3960 7600 3980 6800 
26 3975 2200 3990 2200 
" ' "Elevat ion in feet above mean sea level 
APPENDIX C 
VIGIL Si te 1 The North Fork of  the 
Flathead River at  the Internat ional Border 
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V I G I L  S i t e  1 :  T h e  N o r t h  F o r k  a t  t h e  U . S . / C a n a d i a n  S o r d e r  
L o c a t i o n  a n d  F l u v i a l  S e t t i n g :  
V I G I L  s i t e  1  i s  l o c a t e d  o n  t h e  N o r t h  F o r k  a t  t h e  U . S . ­
C a n a d i a n  B o r d e r .  D r a i n a g e  a r e a  a b o v e  t h e  s i t e  i s  4 2 7  s q u a r e  
m i l e s .  H e r e  t h e  r i v e r  o c c u p i e s  a  g e n t l y  s l o p i n g  f l o o d p l a i n  
t o  t h e  w e s t  w h i c h  i s  i n t e r r u p t e d  b y  s e v e r a l  s m a l l  ( 5  t o  1 0  
f o o t )  t e r r a c e s  w h i c h  c o n f i n e  o v e r b a n k  f l o w s .  T h e  f l o o d p l a i n  
t o  t h e  e a s t  o f  S i t e  1  i s  a l s o  g e n t l y  s l o p i n g ,  b u t  a b o u t  1 0 0  
y a r d s  u p s t r e a m ,  t h e  N o r t h  F o r k  i m p i n g e s  u p o n  a  l a r g e  t e r r a c e  
( 5 0  f t . )  w h i c h  c o n f i n e s  o v e r b a n k  f l o w s .  T h i s  m a j o r  t e r r a c e  
t h e n  d e p a r t s  f r o m  t h e  r i v e r ' s  e a s t  b a n k  a n d  p a r a l l e l s  i t  a t  
a p p r o x i m a t e l y  8 0 0  f e e t  ( F i g u r e  CI). 
T h e  c h a n n e l  i s  p r e d o m i n a t e l y  a l l u v i a l ,  a l t h o u g h  c l a y s t o n e  
o f  t h e  K i s h e n e h n  F o r m a t i o n  o u t c r o p s  i n  t h e  e a s t  b a n k  u p s t r e a m  
f r o m  t h e  s i t e .  C h a n n e l  b a n k s  c o n s i s t  o f  i n t e r b e d d e d  f l u v i a l  
s a n d s  a n d  g r a v e l s  ( n o n - c o h e s i v e )  w h i c h  a r e  o v e r l a i n  b y  a  t h i n  
( 1  t o  2  f e e t )  v e n e e r  o f  o v e r b a n k  s i l t s  a n d  s a n d s .  V e g e t a t i o n  
s t a b i l i z e s  b o t h  t h e  e a s t  a n d  w e s t  b a n k s  t o  a n  e x t e n t .  T h e  
b a n k s  d i s p l a y  b o t h  s t a b l e  s e c t i o n s  a n d  s e c t i o n s  w h e r e  a c t i v e  
e r o s i o n  a n d  u n d e r c u t t i n g  a r e  o c c u r r i n g .  O v e r a l l ,  t h e  c h a n n e l  
r e a c h  i s  s t a b l e  a n d  c h a r a c t e r i s t i c  o f  l o w - s i n u o s i t y ,  g r a v e l  
b e d  r i v e r  c h a n n e l s .  
P r i n c i p a l  M e a s u r e m e n t s  
A t  t h i s  s i t e ,  d a t a  w a s  c o l l e c t e d  o n  c h a n n e l  g e o m e t r y ,  
b e d - s e d i m e n t  c h a r a c t e r i s t i c s v  a n d  t h e  d i s t r i b u t i o n  a n d  a g e s  
o f  f l o o d p l a i n  a n d  c h a n n e l  v e g e t a t i o n .  D e t a i l e d  s i t e  p h o t o ­
g r a p h y  a u g m e n t s  t h e  d e s c r i p t i v e  d a t a .  
C h a n n e l  G e o m e t r y  
T h r e e  c h a n n e l  c r o s s - s e c t i o n s  w e r e  s u r v e y e d  i n i t i a l l y  a n d  
r e f e r e n c e d  t o  r e l o c a t a b l e  b e n c h m a r k s  i n  S e p t e m b e r  o f  1 9 7 5  
( F i g u r e s  C2 a n d  C3 ) .  T h e  s u r v e y s  w e r e  c o n d u c t e d  w i t h  a  
t r a n s i t  a n d  r o d ;  e l e v a t i o n s  w e r e  t a k e n  e v e r y  2  f e e t  t o  e n s u r e  
p r e c i s e  d e f i n i t i o n  o f  t h e  c h a n n e l  b o t t o m .  T h e  r r ^ o s t  u p s t r e a n  
c h a n n e l  c r o s s - s e c t i o n  i s  n e a r l y  c o i n c i d e n t  w i t h  t h e  j o i n t  
U .  S .  G e o l o g i c a l  S u r v e y  -  C a n a d i a n  w a t e r  s u r v e y  g a g i n g  s t a t i c ^  
( 1 2 - 3 5 5 0 )  w h i c h  h a s  e x c e l l e n t  l o n g - t e r n  ( 1 9 2 3  t o  p r e s e n t )  
s t r e a m f l o w  r e c o r d s .  
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B e d - S e d i m e n t  C h a r a c t e r ! s t i e s  
B e d - s e d i m e n t  s i z e  d i s t r i b u t i o n s  w e r e  d e t e r m i n e d  f o r  f c u r  
l o c a t i o n s  w h i c h  r e p r e s e n t  t h e  o v e r a l l  v a r i a t i o n  o f  o a r t i c l e  
s i z e  w i t h i n  t h e  r e a c h .  S u r f a c e  p e b b l e - c o u n t  m e t h o d s  o f  W o l m a n  
( 1 9 5 4 )  a n d  K e l l e r h a l s  a n d  B r a y  ( 1 9 7 1 )  w e r e  u s e d  t o  d e t e r m i n e  
t h e  s u r f i c i a l  b e d - m a t e r i a l  s i z e  d i s t r i b u t i o n .  A  b u l k  s a r p l e  
w a s  t a k e n  o f  t h e  s u b - s u r f a c e  b e d - m a t e r i a l  ( w h i c h  i s  g e n e r a l l y  
f i n e r  t h a n  t h e  s u r f a c e )  f o r  l a b o r a t o r y  s i e v i n g .  T h e s e  d a t a  
a r e  p r e s e n t e d  a n d  d i s c u s s e d  l a t e r  i n  t h e  r e p o r t .  
P h o t o g r a p h y  
P h o t o g r a p h s  w e r e  t a k e n  a l o n g  t h e  l i n e  o f  e a c h  c h a n n e l  
c r o s s - s e c t i o n  a n d  l o o k i n g  u p  a n d  d o w n s t r e a m ;  p h o t o  s t a t i o n s  
a r e  c o i n c i d e n t  w i t h  s i t e  b e n c h m a r k s .  T h e  e l e v a t i o n ,  i n c l i n a ­
t i o n  a n d  b e a r i n g  o f  t h e  c a m e r a  l e n s  w e r e  n o t e d  t o  e n s u r e  t h a t  
a  n e a r l y  i d e n t i c a l  f i e l d  o f  v i e w  c o u l d  b e  o b t a i n e d  u : o n  r e -
o c c u p a t i o n  o f  t h e  p h o t o  s t a t i o n .  P h o t o g r a p h s  .--ere t a k e n  
u s i n g  b o t h  a  35 m m  s i n g l e -1 e n s - r e f 1  e x  a n d  4X5 v i e w  c a n e r a .  
P h o t o g r a p h s  s h o w n  h e r e  ( F i g u r e s  C4-C7 ) 
w e r e  a l l  t a k e n  o n  M a y  6, 1977. k i v e r  s t a g e  a t  t h e  
time was 2.4 feet correspond!'ng to a discharge o* 1,3-50 cfs. 
V e g e t a t i o n  
T h e  v e g e t a t i o n  a t  V I G I L  S i t e  1  w a s  d e s c r i b e d  i n  c o o c e r a -
t i o n  w i t h  L e e  ( 1 9 7 9 ;  1 9 8 1 )  a n d  i s  c o n s i d e r e d  i n  g r e a t e r  d e t a i l  
i n  L e e  ( 1 9 8 3 ) .  M e a s u r e m e n t s  a t  t h e  s i t e  c o n s i s t  o f  s e v e r a l  
b r o a d  c r o s s - v a l l e y  t r a n s e c t s  a n d  m o r e  s p e c i f i c  d e s c r i p t i o n  o *  
f l o o d p l a i n  a n d  r i p a r i a n  v e g e t a t i o n  c o m m u n i t i e s .  A g e n e r a l i z e d  
m o d e l  o f  f l o o d p l a i n  p l a n t  c o r r u n i t y  d i s t r i b u t i o n  i s  g i v e n  i n  
F i g u r e  C8 .  T h e  m o d e l  s u m m a r i z e s  t h e  d i s t r i b u t i o n  o r  h a b i t a t  
t y p e s  i n  t h e  u p p e r  N o r t h  F o r k  d r a i n a g e  a n d  i s  r e p r e s e n t a t i v e  
o f  t h e  C a n a d i a n  B o r d e r  v i c i n i t y .  ( A l l  h a b i t a t  t y p e  d e s i g n a t i o n  
f o l l o w  P f i s t e r  e t  a l .  ( 1 9 7 7 ) .  
T h e  v a l l e y  f l a t  ( t e r r a c e )  a n d  b a n k  v e g e t a t i o n  i n  t h e  
v i c i n i t y  o f  t h e  U .  S .  G e o l o g i c a l  S u r v e y  g a g i n g  s t a t i o n  a n d  
Figure C4. Photo 
looking north to 
Canadian border 
showing locat ion 
of cross-sect ions 
Figure C5. Photo looking north along west bank. Staff  
gage (sta. 12-3550) in foreground. 
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Figure C6. Photo looking upstream from r ight 
bank near RBM2. 
Photo looking downstream from r ight 
Figure C8. General ized model of  f loodplain plant community 
d istr ibut ion, North Fork Flathead River.  
KM ( I ) A Hi > A l I I N (  I 9H< SfA' .ONAl IT  I  Nl fNDATFD 
P A l  U j  1 R I  Nt ,  }Of t£5TCD 
INT.  b IKf  VM 
Source: Lee, 1983. Al l  habitat  designat ions (H.T.) fol low 
Pf ister et al .  (1977);  wet land classi f icat ions folow 
Cowardin et  al .  (1979);  drawing not to scale. 
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a n d  c h a n n e l  c r o s s - s e c t i o n  L B M 1 - R B M 2  w e r e  d e s c r i b e d  i n  d e t a i l  
i n Q J u l y ,  1 9 8 1 .  G e n e r a l l y  t h e  w e s t  b a n k  i s  g r a d u a l  ( 1 0  t o  
2 0  ) ,  c o n s i s t s  o f  s t a b l e  c o a r s e  a l l u v i u m  a n d  s u c c o r t s  a  
v a r i e t y  o f  v e g e t a t i o n  w i t h  w e l l  e s t a b l i s h e d  r o o t  s y s t e m s .  
I n  c o n t r a s t ,  t h e  e a s t  b a n k  i s  g e n e r a l l y  s t e e p e r ,  ( 3 0  t o  
v e r t i c a l ) ,  a n d  i s  p o o r l y  v e g e t a t e d  w i t h  a c t i v e  e r o s i o n  e v i d e n t .  
P l a n t  s p e c i e s  c h a r a c t e r i s t i c  t o  t h r e e  d i s t i n c t  z o n e s  a d j a c e n t  
t o  t h e  r i v e r  c h a n n e l  a t  S i t e  1  a r e  t a b u l a t e d  i n  T a b l e  CI .  
A  r e p r e s e n t a t i v e  b a n k  p r o f i l e  d e p i c t i n g  r e l i e f ,  s o i l  a n d  
v e g e t a t i o n  c h a r a c t e r i s t i c s  f o r  t h e  a c t i v e  c h a n n e l  a n d  a d ­
j a c e n t  t e r r a c e  a r e a  a l o n g  t h e  w e s t  b a n k  o f  S i t e  1  i s  s h o w n  
i n  F i g u r e  C9 . 
Z o n e  1 ,  P o p u l u s  t r i c h o c a r p a / c o b b l e ,  i s  d o m i n a t e d  b y  
P o p u l u s  t r i c h o c a r p a  w i t h  a g e s  o f  2  t o  1 0  y e a r s  ( a g e d  d e ­
t e r m i n e d  b y  p o l i s h e d  c r o s s - s e c t i o n )  a n d  o c c a s i o n a l  s a l i  <  a n d  
v a r i o u s  f o r b s ,  f e r n s  a n d  f e r n  a l l i e s .  T h i s  z o n e  n a s  a  c o a r s e  
c o b b l e  s u b s t a t e  ( D e n  6 0  t o  l O C m m )  w h i c h  b e c o m e s  p r o g r e s s i v e l y  
m o r e  s a n d y  w i t h  d i s t a n c e  f r o m  t h e  w a t e r ' s  e d g e .  A t  s e v e r a l  
l o c a t i o n s ,  l a r g e  c o b b l e s  ( i n t e r m e d i a t e  d i a r . e t e r  5 0 C m m )  i n  
a  c l a y - s i l t  m a t r i x  f o r m  a  l a g - a r m o r  l a y e r  s t a b i l i z i n g  t h e  
b a n k  a n d  b e d  o f  t h e  c h a n n e l .  M o r e  c o m m o n l y  t h i s  z o n e  i s  
c h a r a c t e r i z e d  b y  f r e q u e n t  i n u n d a t i o n  a n d  d i s r u p t i o n  o f  
s u r f i c i a l  g r a v e l s  a n d  s a n d s .  V e g e t a l  c o v e r  i s  g e n e r a l l y  
s p a r c e .  T h e  u p p e r  l i m i t  o f  t h e  z o n e  r o u g h l y  c o r r e s p o n d s  
t o  t h e  u p p e r  l i m i t  o f  t h e  a c t i v e  f l o o d p l a i n .  
T h e  U p p e r  B a n k  T r a n s i t i o n  z o n e  ( Z o n e  2 )  c o n t a i n s  a  w i d e r  
v a r i e t y  o f  p l a n t  s p e c i e s  w i t h  a  g r e a t e r  d e n s i t y  a n d  c o v e r .  
S u b s t r a t e  m a t e r i a l s  r e m a i n  c o a r s e  b u t  s u r f i c i a l  m a t e r i a l s  
c o n s i s t  l a r g e l y  o f  f i n e  s a n d s  a n d  s i l t s  s h o w i n g  l i m i t e d  
s o i l  d e v e l o p m e n t  a n d  l i t t e r  a c c u m u l a t i o n .  T h i s  z o n e  c o n t a i n s  
t h e  b u l k  o f  f  1  o o d - o c c u r r i n g  d e b r i s  a l o n g  t h e  c h a n n e l .  
Z o n e  3  s u p p o r t s  v e g e t a t i o n  o f  t h e  P i c e a / S n i 1 a c i n a  s t e l l a t a  
h a b i t a t  t y p e ,  a n d  c o r r e s p o n d s  g e o r r o r o h i c a l  1  y  t o  t h e  v a l l e y -
f l a t  ( t e r r a c e )  a d j a c e n t  t o  t h e  c h a n n e l .  T h i s  s u r f a c e  i s  
f l u v i a l l y  i n a c t i v e  a n d  c o r r e s p o n d s  t o  a  g a g e  h e i g h t  ( U S 3 S  
1 2 - 3 5 5 0 )  o f  a b o u t  9  t o  1 1  f e e t .  A  g a g e  h e i g h t  o f  8  f e e t  
c o r r e s p o n d s  t o  t h e  J u n e  8 ,  1 9 6 4  f l o o d  o f  1 6 , 3 0 0  c * s ,  w h i c h  
i s  t h e  m a x i m u m  d i s c h a r g e  o f  r e c o r d  a n d  h a s  a  r e t u r n  o e r i o d  
o f  a b o u t  5 0  y e a r s  a t  t h e  s i t e .  
e a s t  w e s t  
Z O N E  1  
P o p u l u s  
T  r i c h o c a r p a /  
Cobble 
Z O  N E  2  
U p p e r  B a n k  
T  r  a  n  s  i  t  i  o  n  
Z O N E  3  
P i c e a /  S m i  l a c  i  n o  
s  t e l l a  t  a  h a b i t a t  
t y p e  
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Figure C9. Representat ive transect of  the west bank of Canadian Border reach, showing vegetat ion, 
geomorphic and f low character ist ics, North Fork Flathead r iver.  
Table CI. -^3 
Plant species characterist ic to three zones adjacent to the 
North Fork of the Flathead River channel (Canadian Border 
Transect).  (Note: Values reported are average canopy cover­
age est imates from 10, 20 x 50 cm microplot samples). 
Species Zone 1 Zone 2 Zone 3 
Populus Upper 3ank Picea/S^. i  iaclna 
trichocarpa/ Transition stellata habitat 
cobble tvDe 
TREES 
Juniperus scopulorum 
Picea engelmanni: 
Picea glauca 
Pinus contorta 
Pinus ponderosa 
Populus trichocaroa 
Pseudotsuga menziesii 
0.65 
+ 
0.65 
26 
2 6 
17 
37 
SHRLTiS AND SUBSURU3S 
Amelanchier alnifolia 
Cornus stolonifera 
Juniperus communis 
Prunus virginiana 
Rhamnus alnifolia 
Ribes lacustre 
Ribes montigenum 
Shepherdia canadensis 
Spiraea betulifolia 
Symphoricarpos albus 
Vaccinium globulare 
PERRENNIAL GRAMINOIOS 
Agrostis alba 
Agropyron spicatum 
Calamagrostis rubescens 
Carex geyeri 
Festuca scabrella 
Oryzopsis asperifolia 
Poa spp. 
FORBS, FERNS, & FERN ALLIES 
Achillea millifoliuir. 
Arnica cordifolia 
Arnica latifolia 
Aster spp. 
Astragalus spp. 
Clematis pseudoalpina 
Disporum trachycarpum 
Epilobium latifolium 
Fragaria virginiana 
Galium boreale 
Galium triflorum 
Geranium richardonsonii 
Geum triflorum 
0. 1 
0.3 
0 . 2  
l l . :  
0.3 
^.5 
0 . -
0.6 
0 . 2  
0 . 2  
0.15 
23 
10 
1 
1 
13 
3 
(Table CI. -  continued) 
Hedysarum sulphurescens 0.3 5.7 
Hieracium albiflorum - Q.i 
Osmorhiza chilensis 
Penstemon spp. - 1.6 
Prunella vulgaris 0.1 
Pvrola secunda 
Senecio spp. 0.1 1.0 
Senecio sudarius - 0.3 
Smilacina racemosa 
Solidago spp. 0.3 0.7 
Taraxacum officinale 0.75 1.4 
Thalictrum occidentale - -
Viola canadensis - -
APPENDIX D 
Est imation of Bankful l  Discharge 
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1.5 Year Flood vs. Drainage Area 
Annual f lood frequency curves for 8 stat ions in the Flathead 
region were prepared by f i t t ing annual instantaneous peak f low data 
to the Log-Pearson Type I I I  frequency distr ibut ion by computer. A 
homogeneity test indicated that the stat ions were from a homogeneous 
hydrologic region (Dalrymple, 1960). The 1.5 year f lood was selected 
for each si te and then plotted versus the stat ion's drainage area. 
The result ing graph and regression equation and pert inent stat ion data 
are given in Figure D1. This equation was used to determine the 1.5 
year f lood for ungaged si tes. 
Channel Geometry and Manning's Equation 
This method involved the determination of bankful l  stage by channel 
surveys and use of the Manning equation to translate stage into a dis­
charge value. Bankful l  stages for the 11 si tes used in the analysis 
were determined using cr i ter ia and methods given in Leopold and 
Skibtzkie (1968), Emrnett (1975), and Wil l iams (1978). Bankful l  was 
taken as the elevation of the act ive f1oodplain--an overf low surface 
which is inundated relat ively frequently and is undergoing act ive 
erosional and deposit ional processes. The act ive f loodplain stage was 
def ined for each channel reach from surveys of the upper l imit  of coarse 
channel sands, bank morphology, surf icial  elevations of gravel bars, and 
f loodplain plant ecology. Bankful l  stages were translated into dis­
charges using the Manning equation which states: 
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DRAINAGE AREA (MP) 
Station Period of Record 
1 12-3550 N. Fk. Flathead (B.C.) 1929-73 
2 12-3555 N. Fk. Flathead (Nr. C. Falls) 1911-73 
3 12-3585 M. Fk. Flothead (West Glac.) 1940-73 
4 12-3598 S. Fk. Flathead (Nr. H. Horse) 1964-73 
5 12-3610 Sullivan Cr. (Nr. H. Horse) 1948-73 
6 12-3625 S. Fk. Flathead (C. Falls) 1911-731 
7 12-3630 Flathead R. (C. Falls) 1894-73* 
8 12-3700 Swan R. (Big Fork) 1922-73 
*prior to 19SI used 
10* 
Satin Area (Ml*) 
427 
1548 
1128 
1160 
71 
1663 
4464 
671 
Figure Dl.  Relat ionship between 1.5-year f lood and drainage 
area, for the Flathead region. 
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2 1 
Qb  = 1.486 AR3 S 2 
n 
Where = bankful l  discharge (f t^/sec) 
A = f low area ( f t^) 
R = hydraul ic radius ( f t)  
S = water surface slope 
n = f low resistance coeff icient 
Flow area and hydraul ic radius were calculated from surveyed channel 
cross-sections. Water surface slope was determined from channel surveys 
extending 5 to 10 channel widths in length and from 1:24,000 scale 
topographic maps. 
Manning's n was est imated visual ly using the comparative method of 
Barnes (1967) and calculated using the f low resistance relat ionship de­
veloped by Limerinos (1970) for coarse gravel bed streams in Cal i fornia. 
Limerinos' equation, which expresses Manning's n as a funct ion of 
hydraul ic radius and bed-material  size distr ibut ion, states: 
0.0926 
0.90 + 2.0 log R 
Where n = f low resistance coeff icient 
R = hydraul ic radius of f low 
d = weighted size distr ibut ion of 
w  surf icial  bed-material  using 
intermediate part icle diameters 
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Estimates of Manning's n using Limerinos' equation were in close agree­
ment with the more subject ive est imates obtained from visual comparative 
procedures of Barnes (1967). A more recent f low resistance analysis by 
Bray demonstrates the appropriateness of Limerinos1  relat ionship for 
coarse gravel bed channels (Bray, 1979). 
With the above data, bankful l  discharge was calculated for each 
si te using a 2 or 3 sect ion slope/area version of the Manning equation 
as given in Croley (1977). This method provides an average value for the 
channel reach as opposed to a single value for an individual cross-
section and smooths out local variat ions in act ive f loodplain morphology 
and hydraul ics (Wil l iams, 1978). 
Wil l iams' Equation 
Wil l iams (1978) developed a general equation for est imating bank-
ful l  discharge as a funct ion of channel area and slope at bankful l  stage. 
This relat ionship, based on analysis of 233 stat ions largely repre­
sentat ive of gravel-bed r ivers in humid cl imates, states: 
Qb  = 4.0 Ab 1 , 2 1S0 '2 8  
3 Where: = bankful l  discharge (M ) 
A^ = bankful l  area (M2)  
S = dimensionless 
Bankful l  area and slope data as previously determined were used in the 
equation to calculate bankful l  discharge at each si te. 
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Downstream Hydraul ic Relat ions 
The bankful l  discharge values obtained using the three dif ferent 
methods given given in Table D1 and compared in Figure D-2. I t  can be 
seen that the methods are in relat ively close agreement for most of the 
stat ions. The greatest di f ferences occur between bankful l  est imates 
based on the 1.5 year f lood versus drainage area relat ionship and the 
other methods for tr ibutary streams. In the case of Ford Creek (Stat ion 1) 
and Akokala Creek (Stat ion 3), the discrepancy probably relates to the 
natural f low diversions and general ly low basin elevations which result  
in lower actual discharges than the regional 1.5 year f lood versus 
drainage area would predict.  
The similar i ty of results given using the slope/area (Manning 
equation) method and Wil l iams' equation is not surprising considering 
that the latter is similar in form to the Manning equation and both 
approaches required similar input data. Wil l iams (1978) concluded that 
of the avai lable methods for determining bankful l  discharge at an ungaged 
si te, a channel survey used in conjunction with either Manning's or 
his empir ical equation gives the most rel iable results. The channel 
survey, Manning equation approach, was selected as the basis for com­
puting the North Fork's downstream hydraul ic geometry. 
1 
2 
3  
4  
5  
6 
7  
8 
9  
10 
1 1  
12 
Table Dl.  
Hydraul ic data for est imating North Fork 
Flathead River downstream hydraul ic geometry 
Loca t ion  
Fo rd  Cr .  
Co l t s  C r .  
Akoka la  C r .  
T ra i l  C r .  
Wha le  C r .  
No r th  Fo rk  
a t  B .  C .  
No r th  Fo rk  
a t  Fo rd  S ta .  
Nor th  Fo rk  
a t  Round  P r .  
Nor th  Fo rk  
J t  R ive r  C .G.  
No r th  Fo rk  
a t  Camus  C r .  
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14  332  296  267  28  1 .3  6 .2  43  86  160  .033  .052  
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65  1200  1412  1305  85  3 .2  6 .3  207  104  171  .011  .045  
427  6000  6461  6300  168  5 .0  7 .1  864  74  170  .005  .041  
812  9900  12173  9000  220  6 .2  6 .0  1491  160  256  .003  .046  
825 10032  11018  8756  290  5 .7  5 .8  1500  105  170  .003  .041  
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Figure D2. Comparison of bankful l  discharge est imates for North 
Fork channel stat ions. 
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Calculat ion of Suspended Sediment Discharge 
Data on the discharge of suspended-sediment for the North Fork 
at B. C. and near Columbia Fal ls has been col lected for the 1976 and 
1977 water years by the U. S. Geological Survey. Knapton (1978) 
provides a detai led analysis of the suspended-sediment and extensive 
water qual i ty parameters which were monitored. This sediment data is 
the only in the North Fork drainage which has been col lected with 
suff ic ient frequency (dai ly),  at a known discharge, to establ ish sus­
pended-sediment rat ing curves (sediment concentrat ion vs. discharge) 
suitable for use with the stream-flow durat ion, sediment-transport-
curve method. Emmett (1975) describes a variat ion of this method which 
al lows computat ion of the mean annual suspended-sediment discharge based 
on the f low-durat ion curve and instantaneous rat ings of suspended-
sediment concentrat ions. This method was used with the North Fork data. 
Rating curves for the two stat ions are based on depth-integrated 
dai ly samples taken during a relat ively average (1976) and a low (1977) 
f low water year (Figures El and E2). Sediment concentrat ions measured 
over the 1976-77 period varied from 1 to 1,131 mg/1 and 1 to 930 mg/1 for 
the North Fork at B. C. and near Columbia Fal ls respectively (Knapton, 
1978). Mean dai ly f low and suspended-sediment discharges for the two 
stat ions in 1976 and 1977 varied greatly (Tables El and E2). The low 
sediment y ield of 1977 is due to the lower volume of runoff which eroded 
and transported less sediment. The f low-durat ion, sediment-transport-
curve method compensates for the variat ion in annual f low, in that a 
f low-durat ion curve based on a longer period of record than the sediment 
•ooo 
w*T|H OISCHMCC. CuK '(ir Ptm uccMO 
gure El • Relationship of suspended-sediment concentration and 
water  d ischarge  for  F la thead  R iver  a t  F la thead ,  B .C . ,  1976  water  year .  
Regress ion  l ines  were  computed  us ing  da ta  for  water  years  1976-77 .  
•  K 'CCT Ptm tCCOMO 
igure E2 .  Rela t ionsh ip  o f  aospended-«ed  iwent  concent ra t ion  and  
water  d ischarge  for  >4r r th  Fork  F la the . id  R iver  near  Co l t iab la  Fa l ls ,  
1976  water  year .  KeRre*» ion  l ines  eo *pMted  
M^ing  da ta  for  w< i f r  venrs  l 9 7 * -? 7 .  
(  Source: Knapton, 1978) 
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measurement period is used. Thus, the accuracy of the method for pre­
dict ing long-term sediment yields is general ly l imited by the degree to 
which the sediment-rat ing curve is representat ive of the long-term. 
Estimates of mean-annual suspended-sediment loads for the two 
stat ions were calculated as fol lows. For each stat ion, rat ing curve 
B-B' (Figures El and E2) which is representat ive of f lows equal led or 
exceeded 30% of the t ime, was used to determine sediment concentrat ions 
for f lows greater than the 30% exceedence values. Rating curve A-A' 
is based on al l  sampled f lows and was used to determine sediment concen­
trat ions for f lows less than the stat ions 30% f low exceedence values. 
Rating curve C-C' (Figures El and E2) represents only data from more in­
tensive r ising stages and was not used. The appropriate regression 
equations for the curves are given in Knapton (1978). 
The above sediment-rat ing curves were then integrated with f low 
durat ion curves for the stat ions to determine mean-annual suspended-
sediment loads. Each f low durat ion curve was divided into about 25 
representat ive discharge intervals. Within each interval,  the number of 
days in which a given discharge occurs was tabulated. The product of 
this discharge, the number of days i t  occurs per year, the sediment con­
centrat ion as est imated above, and the conversion factor .0027 gave the 
suspended-sediment load for each discharge interval in tons/year. Mean-
annual suspended-sediment loads were computed by summing values for the 
25 intervals and are summarized in Table 13. 
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Table El.  
Suspended-Sediment Load for the 
Stat ion Drai nage?  
Area (Mi ) 
Suspended-Sediment Discharge 
North Fork 
at B. C. 
North Fork 
near 
Columbia Fal ls 
1976 Water Year 
, 2  
1977 Water Year 
.2 Tons/yr Tons/Mi Tons/vr Tons/Mi 
427 136,000 318.5 7,760 18 
1548 331,000 213 32,800 21 
Table E2. 
Mean Dai ly Flow for the North Fork 
Stat ion 
North Fork 
at B. C. 
North Fork near 
Columbia Fal ls 
Mean Dai ly f low in cfs 
Water Year 
1976 
1 ,110 
3,520 
1977 
398 
1560 
Period of Record 
975 
3010 
Source: Knapton (1978) 
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Calculat ion of Bedload Discharge 
The bedload discharge for the North Fork at Bri t ish Columbia was 
calculated using: the Meyer-Peter and Muller equation (1948), the 
Bagnold equation (1980), the Leopold and Emmett Nomograph (1976) and 
the Einstein method (1950). Data for use in the equations varies but 
general ly include the fol lowing: 
Discharge variables: Water discharge, mean velocity, 
mean depth or hydraul ic radius, 
water surface width, water sur­
face slope, kinematic viscosity, 
f luid density, mass density 
Sediment variables: Active transport width of channel,  
size distr ibut ion of surf icial  
bed-material  (sub-pavement),  
submerged specif ic gravity 
Most discharge variables were calculated from gaging stat ion f ield notes 
and the at-a-stat ion hydraul ic geometry data for a range of discharges 
from 1340 to 16,300 cfs. Water surface slope was determined to be 
0.005 from f ield survey and topographic maps. I t  was held constant for 
the analysis. Physical characterist ics of the water were calculated 
from the prevai l ing water temperature and appropriate tables (Vanoni,  
1975). 
Sediment variables were determined from detai led sampling of the 
coarser pavement which normally caps the bed of the channel,  and the 
f iner sub-pavement bed-material  which l ies beneath. Pavement size 
distr ibut ions for four si tes representing the variat ion in coarseness 
of surf icial  materials were determined by pebble-count methods (Wolman, 
1954; Kel lerhals and Bray, 1971), and averaged to provide a mean pavement 
size distr ibut ion for the reach (^5Qp =  m m^* Sub-pavement was 
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determined from a sieved bulk sample (165 lbs.) composited from 
individual samples at the four locations (D^ q  = 21 mm). Submerged 
specif ic gravity was assumed to be 1.65 for the predominately quartzi te 
and argi l  l i te bed-material .  The act ive bed width was assumed to be 
70% of the water surface width for each discharge. 
The results of each relat ionship appl ied to the data are given in 
Figure E3 which shows the bedload transport rat ing curves generated. 
Calculated rates of transport associated with a given discharge vary 
considerably. Parker et.  al .  (1982) indicated that the Meyer-Peter and 
Muller equation is not specif ic on whether the grain size used should 
represent the pavement or sub-pavement. In a comparison with f ield-
measured bedload data they found i f  the pavement D^g was used, the 
equation may predict no motion at al l  whereas i f  the sub-pavement value 
is used, i t  may over predict by about 40 to 1000 t imes. Although the 
Meyer-Peter and Muller relat ion has gained widespread acceptance for 
use with gravel bed r ivers, they have recommended against i ts use. I t  
was included in this analysis, using a sub-pavement D^ q  of 21 mm, for 
comparison purposes only. 
The Einstein (1950) relat ionship was developed for use with the 
pavement size distr ibut ion and di f fers from the other methods in that i t  
is well  founded in f luid mechanics and is based on probabal ist ic theory 
of bedload part icle motion. I t  also predicts the complete bed-material  
(bedload + suspended bed-material)  discharge. The Bagnold equation and 
Leopold-Emmett nomogram are empir ical ly derived and relate bedload 
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Figure E3. Bedload discharge rat ing 
curves for the North Fork at B.C. 
• ' H  [J4 
1 
=JL L== :—: - - l=--M=*= ==r :̂J 
L-i-xtx- - i  J 
Mu'lla 
> Einitain 
S 5  /  2  MO 
Bedload 
( tons/day)  
2  3  -  •> *  7  3  9  
Discharge (cfs)  3 4 5 6 7 8 9 1 
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t ransport rates per unit  width to unit  stream power (a measure of the 
energy avai lable to transport coarse sediment) and the D^ q  of the trans­
ported material .  Bagnold's equation is empir ical ly derived from f lume 
data and shows relat ively good agreement with measured data from several 
gravel bed r ivers (Bagnold, 1980). Leopold and Emmett 's (1976) nomogram 
is based on extensive bedload measurements made on the East Fork River, 
Wyoming. I t  is fel t  that the three relat ionships probably bracket the 
range of actual bedload transport rates for the stat ion. Bedload 
est imates are given in Table 15. 
APPENDIX F 
Sediment Pond Design and Drainage Network Performance 
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Sediment Porid Design 
As stated by the Company, sediment ponds have been designed to 
sett le al l  part icles coarser than .01 mm, which is considered to be the 
smallest part icle size pract ical ly removed by sett l ing. Based on grain 
size distr ibut ions of sediment derived from coal mines in the Kentucky 
region, which indicate that 80 to 97 percent of the eroded sediment is 
coarser than .01 mm, i t  was assumed that the ponds would remove 80 to 
97% of the sediment suppl ied by the Cabin Creek mine (Klohn Leonoff,  
1981). Proposed pond dimensions are given in Table F1. 
In theory the sediment ponds would general ly decant water only 
during the spring runoff period and would provide retention t ime for the 
mean annual snow melt f lood of 5.5 to about 6.0 days. Two outf low 
structures would be provided--
Table F1. 
Proposed Dimensions of Sediment Ponds 
at the Cabin Cr. Mine Site* 
Sedimentat ion Pond Dimensions 
Pond 
Surface 
Area 
(ac) 
Length 
( f t)  
Mean 
Wi dth 
( f t)  
Mean 
Depth 
( f t)  
Storage 
Volume 
(ac-ft)  
1 131 3001 1509 11.8 1253 
2 62 1706 1312 14.8 770 
3 754 494 11 .2 98 
4 9.8 951 394 16.1 139 
(Pond 3&4) 
*Source Klohn Leonoff,  1981 
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a decant for normal operat ion up to the 50 yr f lood and a free crest 
overf low spi l lway capable of discharging a 200 yr peak f low. The 
spi l lway elevation would be 3.3 feet above the decant structure providing 
temporary storage for more frequently occurr ing f loods. Minimum re­
tention t imes for the 50 and 200 yr.  return period rain induced f loods 
were calculated to be about 3 to 8 hours. More specif ic information, 
such as expected pond outf low hydrographs, was not provided by the Company. 
Ponds were sized according to est imates of the total amount of 
sediment yielded from the mine and on the basis of 50 and 200 yr.  design 
f loods. The 50 and 200 yr.  twenty-four hour, rainfal l  values, 5 and 
6.7 inches respectively, were derived from Fernie, B.C. rainfal l  records. 
Runoff est imates for the two storms were generated by the Company using 
the Rational Method and U.S. Soi l  Conservation Service hydrograph 
techniques. These provided peak storm inf low to the ponds and volumes 
(Table F2) of runoff associated with the storms. Detai ls of the specif ic 
assumptions made in the analysis were not given in the drainage plan. 
(Klohn Leonoff,  1981). Sediment yields were est imated based on known 
values for other areas. The potential  water and sediment runoff from 
the mine to a typical pond ,  Sediment Pond 1, which drains the south hi l ls 
area, is discussed in the fol lowing. 
DNCR's Runoff Analysis 
The Montana Department of Natural Resource and Conservation (DNRC) 
prepared an analysis of 50 and 200 yr.  f lood peaks and volumes which 
would be expected for Sediment Pond 1 which drains waste dumps A and B 
O 
(Fig. 22), and has an area of 2.2 mi. .  Using the 5 and 6.7 inch values 
Table F2. 
Flood values and magnitudes est imated for design 
of sediment pond 1, Cabin Creek mine si te 
Bare Ground -
No Infiltration 
l3 
24 inch snowpack -
frozen ground 
Storm Event f ja L _(ft' /s) Storm Volume (ac-ft) Peak inflow (ft /s) Storm Volume (ac-ft) 
50 yr 24-hour 
(5 inches) 
790 
1364° (359) 
595 
1027C 
1300 
2245c 
(590)' 953 
1646c 
200 yr 24-hourD 1024 
(6.7 inches) 1768c (465)' 
790 
1364c 
1510 
2608c 
(686) (  
1524 
2438c 
50 yr 24-hour 
(5 inches) 1814 (477)(l 655 
200 yr 24-hour 
(6.7 inches) 2990e (786)d 1228c 
a. 3.1 inch water equivalent 
b. estimates from DNRC, 1982 
c. Assumes clear water diversions fail rv> 
d. Unit runoff in cfs/rni ^ 
e. Estimates from Klohn Leonoff, 1981 
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as given for the 50 and 200 yr.  twenty-four hour rainfal ls, an analysis 
of storm runoff into Pond 1 was developed using the synthetic hydro-
graph approach (Chow, 1964; USBR, 1966; 1977). Situat ions where rainfal l  
encountered either compacted bare ground or a 24-inch snow pack (3.1 
inch water equivalent) overlying frozen ground were analyzed. The re­
sults are summarized in Table F2 along with the design values given by 
Sage Creek Coal (Klohn Lenoff,  1981). 
Comparing storm peaks i t  can be seen that DNRC's est imates for bare 
ground condit ion are below the Company's. With a 24-inch snowpack the 
50 and 200 yr.  peak f lows est imates di f fer by about 10-20%. However, 
the volume of runoff di f fers considerably. DNRC's est imates with the 
snowpack provide water yields to the ponds two to two-and-one-half  t imes 
larger than the Company's. The 50 yr.  f lood volume would approach or 
exceed the storage capacity of the pond by 1.3 t imes, depending upon 
whether the clear water diversions fai led, increasing the runoff con­
tr ibut ing areas. The 200 yr.  f lood volume would exceed the pond capacity 
by 1.9 t imes. 
DNRC's est imates each assume that no inf i l t rat ion wi l l  take place 
and that al l  rainfal l  or snowpack wi l l  contr ibute to the f lood volume. 
This assumption is possible for the fol lowing reasons: 
1. Antecedent moisture condit ions could be such that 
the waste dumps are nearly saturated in the upper 
soi l  layer. 
2. Heavy equipment operat ing on the waste dumps would 
compact the surface greatly reducing inf i l t rat ion 
rates. 
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3. Waste dumps slopes would average 26°. 
4. Frozen ground is not uncommon under snowpacks in 
the region. 
The 24-inch snowpack (3.1 inches water equivalent) runoff calculat ion 
was fel t  to be reasonable i f  not lenient and the effects of rainfal l  on 
a more substantial  snowpack would produce even greater f lood volumes. 
Soi l  Conservation Service snow survey data for three stat ions located 
within twelve miles of the mine si te, at similar elevations, indicate 
annual average maximum snowpack water equivalent of 9.2 to 34 inches. 
Thus i t  appears that DNRC's snowpack analysis could underest imate po­
tent ial  peak f lows and f lood volumes as the result  of intense rains on 
the spring snowpack. 
Another means of evaluating the f lood peak est imates is to compare 
2 the calculated unit  (cfs/mi ) runoffs with those associated with historic 
f loods in the area. According to Bonner and Stermitz (1967) the June 
2 1964 f lood produced unit  runoff which ranged from about 33 cfs/mi to 
? 
36 cfs/mi in the North Fork drainage. Values determined in the Middle 
Fork Flathead drainage for smaller basins were on the order of 440 
2 • 2 cfs/mi .  Extreme runoffs as high as 957 cfs/mi were recorded largely 
for stat ions east of the Continental Divide. Unit  peak runoff values 
given in Table F2 are within this latter range. However, these values 
do not ref lect the total volumes of runoff.  Thus Sage Creek Coal 's peak 
runoff est imates appear reasonable on a historic basis, but the volumes 
of runoff associated with the f loods may be low. 
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Sediment Pond Eff ic iency and Performance 
The ponds were sized according to est imates of the amount of 
sediment yielded to the ponds over the mine l i fe and on the basis of 50 
and 200 yr.  design f loods (50 yr-twenty-four hour and 200 yr-twenty-
four hour rainfal l) .  Both factors are cr i t ical since the combination of 
pond surface area and avai lable depth must provide suff ic ient volume to 
store the anticipated sediment y ield, as wel l  as suff ic ient volume to 
store storm runoff and provide a detention t ime al lowing sediment 
part icles to sett le (EPA, 1976). With the avai lable information, a 
r igorous assessment of the ponds eff ic iency and performance was not 
possible. However, an indirect measure of the ponds expected performance 
may be gained by examining the parameters used to design the ponds and 
the degree to which they may ref lect the actual condit ions encountered. 
Based on DNRC's calculat ion of runoff volumes associated with the 
50 and 200 yr.  twenty-four hour, rainfal l  on a snowpack, retention t imes 
and pond eff ic iencies would be less than as stated in the design. Pond 1 
would probably not achieve the performance levels as stated for the 50 
and 200 yr.  design f loods in the Stage I I  Assessment. While the peak 
inf lows used to size the f lood spi l lway (200 yr.)  and decant (50 yr.)  
of Pond 1 are probably reasonable, the total volumes of runoff may have 
been underest imated. Thus retention t imes given for the pond would be 
less than stated in the Stage I I  Assessment and pond eff ic iency would be 
1ower. 
With respect to more normal runoff condit ions (mean annual snow melt 
f lood) Pond 1 would probably perform adequately to trap part icles coarser 
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than .01 mm in size. The fol lowing qual i f icat ion is noted. Mean dai ly 
inf lows to Pond 1 were est imated by the Company at 51 cfs/mi '"  or 233 
ac-ft /day. This value appears to be based on direct drainage into the 
diversion ditches and does not include al lowance for groundwater inf lows 
to the ditches. Since the ditches l ie adjacent to Cabin and Howell  
Creeks there may be considerable groundwater inf low i f  the water levels 
in the ditches are below those in the streams. In this instance re­
tention t imes for the sediment ponds might be less than given in the 
Stage I I  Assessment. 
The Company est imated that the volume of sediment expected to be 
deposited over the 26 year mining and reclamation period would occupy 
about 20 to 40% of the volumes of the ponds. The analysis presented 
here is in agreement with that value. Adequate sediment storage 
appears to be avai lable in the ponds as designed. Thus the chief con­
cern with respect to performance and eff ic iency of the ponds is whether 
they would funct ion properly i f  runoff volumes are greater than used in 
the design of the ponds. 
Diversion Ditch Design 
The drainage plan is,  in concept, designed to maximize runoff from 
undisturbed areas and col lect and transmit sediment- laden runoff to the 
sediment-detention ponds. Clean water diversions (Figure 22), general ly 
located above the waste dumps, would intercept slope runoff around the 
dumps and into natural drainages (either Cabin, Howell ,  or Couldrey 
Creeks). Contaminated water diversion ditches would be located at the 
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base of the waste dumps, col lect ing and divert ing storm runoff into 
the sediment ponds. In addit ion, a large berm, 20 to 30 feet high and 
100 feet wide, would be constructed from waste rock immediately adjacent 
to Howell  Creek and Cabin Creek. This berm would in theory, prevent any 
sediment from reaching the streams direct ly. 
As stated in the Company's drainage plan, the clean water ditches 
would be designed to transmit a 50 yr.  f lood f low and where possible, 
maintain an average velocity of 3.3 feet/second, at a water depth of 6 
to 9 feet on a slope of 0.0015. The channels cross-section 
would have 3H:1V side slopes and would be excavated by a bul ldozer. 
Contaminated water di tches would be of similar design, but sized to pass 
a 200 yr.  f lood (Velocity -  4 f t /sec.;  depth = 12 f t . ) .  Clean water 
di tches would be constructed with temporary sediment-detention basins 
designed to catch ini t ial  sediment eroded from the ditches as they 
adjust to the local supply of water and sediment. Vegetat ion and r ip-rap 
would be used to stabi l ize the channels where necessary. 
Ditch Performance 
Performance of the ditches was di f f icult  to evaluate with the 
avai lable information. Of the specif icat ions given, the design slope of 
.0015 appears to be an order of magnitude too low, given constraints of 
the local topography. Slope is a sensit ive variable which is used in 
the calculat ion of the hydraul ic and sediment transport characterist ics 
of the ditches. Velocity and stream power vary direct ly with slope. A 
large increase in slope causes a corresponding increase in velocity and 
the erosive force of the f low. 
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The Comapny rel ies on a di tch slope of .0015 in calculat ions of 
the velocity and depth of f low in both the clean water diversions and 
contaminated water di tches. This slope is desired so that f low 
velocit ies during f lood events would be l imited to about 3 to 4 f t /sec. 
This would provide for lower di tch erosion and apparently al low for 
revegetat ion of 3H:1V side-slopes on the ditches. 
An analysis of the si te's topography (Figure F1) indicates that 
longitudinal slopes of .0015 wi l l  be di f f icult  to achieve for the pro­
posed contaminated water di tches. To achieve a di tch slope of .0015, 
substantial  cuts (about 50 to 200 feet) into thick glacial t i l l  material  
would be necessary along the centerl ine of the ditches. This would re­
quire extensive earth work and does not seem reasonable from either an 
engineering or environmental viewpoint.  A more l ikely case is that the 
ini t ial  slope of the ditch would be close to the natural land slope. 
Based on inspection 1:5000 scale project maps, land slopes in the 
vicini ty of the contaminated water ditches were found to range from .009 
to .15 with most port ions of the land surface being at least .03. This 
latter slope is twenty t imes greater than the .0015 slope assumed for 
design purposes. I t  is anticipated that using the higher slopes in cal­
culat ions of the design f lood hydraul ics of the ditches wi l l  result  in a 
shal lower depth of f low and increased velocit ies for the 200-yr. storm. 
Restult ing velocit ies may be tr ipple or more than the 4 f t /sec. value 
given in the drainage plan. The decreased depth of f low and increased 
f low velocity would increase the erosive power of water in the ditch. 
This is beneficial  with respect to the ditches capabi l i ty to transport 
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suppl ied sediment, but may be detr imental to stabi l iz ing the ditches 
and preventing them from becoming sediment sources themselves. In 
actual i ty, erosion along the ditch would probably be greatest in the 
steeper upper reaches. The lower gradient reaches above the ponds would 
probably become deposit ional areas. Over t ime, sediment deposit ion in 
the ditches above the ponds could lead to decreased channel eff ic iency 
and breaching of containment berms unless ditch capacity was maintained 
by dredging or other means. 
I t  can be anticipated that extensive maintenance of the drainage 
network would be required in order to insure proper operat ion. I f  
sediments suppl ied by ei ther mining or ditch erosion are al lowed to 
accumulate in the ditches, then over-topping of containment berms is 
possible. Similar ly, removal of snow and ice from the ditches in the 
spring would be necessary to insure the conveyance capacity of the 
di tches. 
